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ABSTRACT 
 
       The incorporation of highly-dispersed platinum (Pt) nanoparticles into proton 
exchange membrane fuel cells (PEMFC) as a possible catalyst has gained tremendous 
attention in the past decade. The major obstacle to fully commercialize PEMFCs is 
the high cost of the Pt as the catalyst. In this project, the incorporation of highly-
dispersed platinum into poly(acrylonitrile) (PAN) latex particles is being carried out 
to form a possible catalyst precursor for fuel cell applications. In this work, the 
encapsulation of Pt salt into PAN particles via 3 different synthesis routes: (1) 
dispersion polymerization, (2) miniemulsion polymerization, and (3) 
miniemulsification were evaluated. 
            Dispersion polymerization is the usual method for producing particles in a 
single-step with sizes ranging from 0.1 ~ 15 μm. The dispersion polymerization of 
acrylonitrile (AN) in the presence of Pt salt as was carried out initially. However, 
after elemental analysis, the results indicated that platinum was not successfully 
incorporated in the PAN particles. After measuring the solubility of the Pt salt in AN- 
saturated deionized (DI) water by UV spectrometry, it was found that only 3.6 wt% of 
the Pt salt was dissolved in the monomer mixture, this is then believed to be the main 
reason for the unsuccessful incorporation of Pt salt into the PAN particles.        
       Miniemulsion technology offers many possible applications such as 
encapsulation of inorganic particles, oils, and polymers. Pt-containing PAN particles 
were then prepared via miniemulsion polymerization using 2,2’-azobis(2-
2 
 
methylbutyronitrile) (V59) and 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) 
(V70) as the initiator. However, a large amount of coagulum was obtained after 
polymerization due to the high water solubility of acrylonitrile (AN). Thus, the 
encapsulation of Platinum (II) acetylacetonate (Pt salt) into PAN/Polystyrene(PS) 
copolymer particles was carried out and results indicated that 98.7 wt% of the Pt salt 
was encapsulated when the PAN/PS ratio is equal to 8:2.  
         Pt-containing PAN/PS particles are then pyrolyzed under an inert 
atmosphere at 800 ºC via a one-step process. Because the PAN/PS particles are 
attached to each other, pyrolyzed PAN/PS particles were all fused together after the 
one-step pyrolysis process. In order to increase the carbon yield and avoid the thermal 
fusion between PAN/PS particles during the thermal degradation process, a two-step 
pyrolyzation process was introduced. In addition, SiO2 particles with a particle size of 
20 nm were mixed with PAN/PS particles and formed a monolayer using a controlled 
rapid deposition process by drawing a meniscus of a suspension across a silica wafer. 
TEM images showed that Pt nanoparticles with a particle size of 5~20 nm could be 
observed, although thermal fusion between PAN/PS particles could still be observed. 
Thus, Iridium-coated Pt-containing PAN/PS particles were pyrolyzed using a two-
step pyrolysis process and the results indicated the successful separation of PAN/PS 
particles after pyrolysis, although this technique may not useful for PEMFC 
application. 
       The miniemulsification process involves the use of an ionic surfactant, such as 
sodium lauryl sulfate, and a costabilizer, such as hexadecane. Synthesis of Pt-
containing PAN particles by miniemulsification was also carried out. However, the 
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coalescence of PAN particles during the solvent removed process will make the 
incorporation of platinum salt into PAN particles more complex and uncontrollable. 
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CHAPTER 1 
INTRODUCTION 
 
1.1     HISTORICAL BACKGROUND OF FUEL CELL 
            “Whereas the nineteenth century was the stage of the steam engine and the 
twentieth century was the stage of the internal-combustion engine, it is likely that the 
twenty-first century will be the stage of the fuel cell.”1 Due to the energy crisis in this 
century, fuel cells have captured the interest of people around the world as one of the 
new energy source alternatives. Fuel cells use hydrogen as fuel and oxygen or air as 
the oxidant, offering the prospect of supplying the world with clean, sustainable 
electrical power, heat and water. In addition, proton exchange membrane fuel cells 
(PEMFC) are more attractive due to its promising properties, including (1) high 
energy conversion, (2) working at low temperature, (3) possibility of using 
regenerative fuels, (4) low or zero noxious emission of environmental pollutant, and 
(5) efficiency for portable, transport and stationary applications.2,3,4,5 PEMFCs are 
now on the verge of being introduced commercially, revolutionizing the present 
method of power production.  
            PEMFCs are typically prepared by supporting the catalyst nanoparticles, in 
general noble metals (e.g., Pt), on carbon black and then depositing this 
electrocatalytic layer over a macro-structured support (carbon cloths) which is 
afterwards assembled with the proton-exchange membrane (PEM), typically 
Nafion.6,7 A proton exchange membrane or polymer electrolyte membrane (PEM) is a 
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semipermeable membrane generally prepared from ionomers and designed to conduct 
protons while being impermeable to gases such as oxygen or hydrogen. Its essential 
function is to separate the reactants and transport protons when incorporated into a 
membrane electrode assembly (MEA) of a proton exchange membrane fuel cell 
(PEMFC). A schematic graph of the typical structure of PEMFC is shown in Figure 
1.1.  
 
Figure 1.1: Schematic representative of a PEMFC. 8
 
 
       Generally speaking, electrocatalysts for PEMFCs must possess a high 
catalytic activity for the electrochemical oxidation of hydrogen, as well as for the 
oxygen reduction at the cathode. In addition, good electrical conductivity of the 
catalytic materials is required to ensure electron transfer between the PEMFC 
electrodes. More importantly, the decrease of the catalyst surface activity and damage 
to the membrane could occur if the migration and coalescence of catalyst particles 
over time cannot be avoided.9 Based on these requirements, platinum (Pt) has been 
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chosen for the catalyst for PEMFCs. However, during the past decade, the prohibitive 
cost of Pt became the major obstacle in the commercialization of PEMFC. Thus it is 
desirable to use platinum in a highly dispersed form to obtain the maximum surface 
area in order to use lower amounts of Pt while keeping or increasing the 
electrocatalytic performance.  
       Porous carbon nanoparticles with low density, high surface area and large 
pore volume are extremely suitable for achieving high practical performance and 
utilization efficiency of the catalyst. 10  Several approaches have been utilized to 
prepare Pt-containing catalyst for PEMFC. For example, a screen printing method has 
been used to prepare Pt-containing catalyst membranes by chemical reduction of free 
platinum ions. However, the results indicated a fairly low quantity of platinum 
utilization and a large Pt particle size (> 1 µm) due to the poor contact between the 
catalyst layer and electrolyte membrane.11  Two other methods, alcohol reduction and 
platinum-doped carbon aerogel were carried out and TEM images of the results are 
shown in Figure 1.212,13 From Figure 1.2 (a), it can be seen that the size of the Pt 
nanoparticles are not uniform after the alcohol reduction process. For platinum-doped 
carbon aerogel, the accessibility of Pt particles is restricted although the Pt 
nanoparticles are uniformly distributed on the carbon aerogel. Furthermore, methods 
to prepare these materials are complicated. 
 
 
 
7 
 
 
 
 
 
 
 
            
Figure 1.2: TEM images of Pt-containing catalyst prepared by: (a) alcohol 
reduction,
14
 and (b) platinum-doped carbon aerogel.
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       Therefore, a new approach is needed to prepare Pt-containing catalyst in order 
to reduce the cost of PEMFCs. Zhang et al 16 invented a new techinique to prepare Pt-
containing polyacrylonitrile (PAN) nanofibers. The procedure of that technique and 
the results are shown in Figure 1.3. In this technique, Pt-containing carbon nanotubes 
(CNFs) were first fabricated using a porous anodic aluminum oxide (AAO) 
membrane template. During the process, Pt salt will be reduced to elemental Pt at 
700 °C under an inert atmosphere. Finally, highly monodispersed Pt in CNFs could 
be obtained. Therefore, this is a possible path to encapsulate highly dispersed Pt 
nanoparticles into PAN nanoparticles as a catalyst precursor for PEMFC applications. 
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Figure 1.3:  (a) Schematic representation of the process used to prepare Pt-
containing carbon fibers, and (b) TEM image of pyrolyzed Pt-containing carbon 
fibers 17
 
 
 
 
 
a 
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1.2 ENCAPSULATION OF INORGANIC NANOPARTICLES INTO 
POLYMER PARTICLES 
             
       Nanosized metal particles, especially noble metal particles, such as gold, silver, 
platinum, and palladium have been studied widely in recent years because their small 
size can provide some unique physical and chemical properties including catalysis,18 
fluorescence,19 and optoelectrical responses etc.20 In addition, the incorporation of 
metal nanoparticles into polymeric microsphere particles has many more advantages, 
such as an increase in the surface-to-volume ratio of embedded metal particles, 
providing a consistent optical response, and materials such as novel catalysts may be 
generated etc.21, 22  
            Serveral different approaches have been utilized to prepare metal-
encapsulated polymer particles. For example, 2.0 µm polystyrene particles were 
coated with aminodextran as reductant to add silver and gold nanoislands onto the 
surface of these particles. 23  Warshawsky et al. used a variety of functionalized 
polymer microspheres to bind palladium ions which were further used as a catalyst.24 
In another study, core-shell structures consisting of monodisperse polystyrene latex 
nanospheres as cores and gold nanoparticles as shells were synthesized. Gold 
nanoparticles, ranging in size from 1 to 20 nm, prepared by reduction of a gold 
precursor with sodium citrate or tetrakis(hydroxymethyl)phosphonium chloride can 
bind to thiol-terminated polystyrene spheres to provide a good nanoshell. The 
plasmon resonance of the gold nanoshell can be tuned to specific wavelengths across 
the visible and infrared range of the electromagnetic spectrum by varying the relative 
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sizes of the latex core and the thickness of the gold overlayer.25 In a more recent study, 
Kim et al. deposited metallic gold on imidazole-functionalized latex particle surfaces 
from isolated gold islands to full surface coverage using electroless plating process.26 
However, most of these mentioned approaches deposited metal nanoparticles onto the 
surface of pre-treated or functionalized polymer particles to provide an additional 
degree of freedom in preparing materials with desired properties and can allow 
combinations of properties not attainable with conventional materials. In order to 
maximize the surface area of embedded Pt nanoparticles to be used as catalyst for 
PEMFCs, the Pt nanoparticles need to be encapsulated inside the polymer particles. 
       Encapsulation of inorganic particles in polymer matrices is of interest in 
cosmetics, pharmaceuticals, paint production, and for reinforcing filler particles for 
polymers.27 Attempts to encapsulate polymer particles using conventional emulsion 
polymerization have been reported, but it was found difficult to locate the dominant 
polymerization loci at the surface of the inorganic particles.28 Erdem et al. showed 
that the characteristic features of miniemulsion polymerization offers advantages as 
an encapsulation method because the inorganic particles can be directly dispersed in 
the monomer droplets and then encapsulated upon polymerization of the 
miniemulsion droplets. 29 He prepared aqueous miniemulsions of styrene containing 
dispersed TiO2 particles by both sonification and a high-pressure homogenizer 
(Microfluidizer). Sodium lauryl sulfate and hexadecane were used as surfactant and 
costabilizer, respectively. It was found that the presence of TiO2 particles within the 
miniemulsion droplets resulted in a significant increase in the droplet size, and 
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maximum encapsulation efficiencies of 83% were obtained using hydrophilic TiO2 
particles stabilized with 1.0 wt% polybutene-succinimide diethyl triamine. Tiarks et 
al. dispersed carbon black in an aqueous surfactant solution by using sonification. A 
miniemulsion consisting of styrene and a polyurethane costabilizer was mixed with 
an aqueous dispersion of carbon black and the resulting dispersion was sonified and 
polymerized with AIBN. They obtained stable latexes containing 40% of carbon 
black with good coverage of the carbon black. There is an optimum monomer/carbon 
black fraction, below which uncovered carbon black particles were found and above 
which existed pure polymer particles only. 30 
       PAN nanoparticles were chosen as possible polymer particles and carbon 
support for Pt nanoparticles after pyrolysis for several reasons. It is well known that 
acrylonitrile (AN) possesses some unique characteristics such as high water solubility, 
high reactivity and the polymer properties derived from it offer many commercial 
applications, e.g., high performance fibers and acrylonitrile-based copolymer 
membranes.31 PAN has a high glass transition temperature of 105 ºC, is relatively 
insoluble in water, and is a high-melting material. 32  In addition, PAN-based 
membranes combine sufficient chemical stability with good membrane performance 
in aqueous filtration applications.33 It has also been documented that the majority of 
carbon fibers used today are made of PAN. Therefore, PAN nanoparticles with small 
particle size and narrow particle size distribution are desired to encapsulate Pt 
nanoparticles in this project. 
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       Several approaches have been utilized to polymerize AN monomers. However, 
due to strong molecular interactions, PAN is not soluble in the AN monomer which 
makes it very difficult to homopolymerize in an emulsion polymerization process. 
PAN nanoparticles in sizes ranging from approximately 35 to 270 nm were prepared 
by dispersion/emulsion polymerization of AN in a continuous aqueous phase in the 
presence of potassium persulfate as the initiator and various alkyl sulfate and 
sulfonate surfactants.34 The polymerization of acrylonitrile may occur in two major 
locations: in the aqueous continuous phase (dispersion polymerization) and/or within 
the surfactant micelles (emulsion polymerization). A discussion concerning the role 
of these two mechanisms under different conditions, including comparison with 
previous literature, is presented and the results indicated the occurrence of both 
nucleation mechanisms. Dimonie et al. reported on the core-shell emulsion 
copolymerization of styrene and acrylonitrile on polystyrene seed particles or on 
poly(butadiene-co-styrene) particles. 35  Sahoo et al. reported the emulsifier-free 
emulsion polymerization of acrylonitrile and the polymer precipitated out during the 
course of the polymerization.36  
       In another study, Landfester et al. reported that PAN nanoparticles in sizes 
ranging from approximately 100 to 180 nm could be prepared by miniemulsion 
polymerization of acrylonitrile in the presence of 2, 2’-azo (2-methylbutyronitrile) 
(V59) as the initiator, sodium dodecyl sulfate as the surfactant, and hexadecane as the 
costablizer.37 In a typical miniemulsion process, the monomer droplet themselves are 
the primary loci of nucleation, while in conventional emulsion polymerization, 
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micelles are the primary loci of nucleation. The small monomer droplets in a range of 
50-500 nm are usually formed by a high energy dispersion process such as 
sonification or microfluidization process. The small, numerous droplets provide 
enough surface area to compete effectively for free radicals, as well as offer ample 
surface area for surfactant adsorption. Because the free surfactant concentration is 
well below the critical micelle concentration (cmc), micelles are not formed, and the 
droplet nucleation can become the predominant nucleation mechanism. For droplet 
stabilization, miniemulsions employ a costabilizer, as well as a conventional 
surfactant. The surfactant acts primarily at the surface of the droplets to prevent 
aggregation and coalescence. The costabilizer, a low-molecular weight, highly water-
insoluble compound, minimizes diffusion of monomer out of the droplets, thus 
providing them with stability against Ostwald ripening.38, 39,40 The emulsion obtained 
from miniemulsion polymerization usually stable for as little as days and as long as 
months. This makes miniemulsion process a promising way to synthesis stable Pt-
containing PAN latex particles with small particle size and narrow size distribution. 
Figure 1.4 shows the PAN particles prepared by miniemulsion polymerization. 
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Figure 1.4: TEM images of PAN particles prepared via miniemulsion polymerization 
at: (a) low magnification, and (b) high magnification.41 
 
       Miniemulsification could be another possible alternative to encapsulate Pt salt 
into PAN nanoparticles. The miniemulsification process involves the use of an ionic 
surfactant, such as sodium lauryl sulfate, and a costabilizer, such as hexadecane. The 
resulting product is a stable oil-in-water emulsion with an average droplet diameter in 
the range of 50-500 nm. The miniemulsification process can be used to produce stable 
polymer latexes via two different routes: (1) direct emulsification of a polymer 
solution into an aqueous phase and the subsequent removal of the solvent; or (2) 
preparation of the monomer miniemulsion followed by initiation of polymerization in 
monomer droplets, using water-soluble or oil-soluble initiators. In the first approach, 
the solvent or a mixture of solvents is used to reduce the original viscosity of the 
polymer to a level suitable for emulsification. 
 
(a) (b) 
200 nm 100 nm 
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1.3     PYROLYSIS OF POLYACRYLONITRILE (PAN) 
            Porous carbon materials have been synthesized using various methods, such as 
catalytic activation of carbon precursors using metal salts42, carbonization of polymer 
blends composed of a carbonizable polymer and a pyrolyzable polymer 43 , and 
carbonization of a polymer aerogel synthesized under supercritical drying 
conditions.44 Among them, PAN–based carbon materials have higher thermal stability, 
greater carbon yield (>50% of the original precursor mass) and exposed nitrogen-
containing groups and thus are widely used as the precursor for high performance 
carbon fibers and other industrial applications including electrode materials for 
lithium ion batteries, gas storage media, catalyst supports, and absorbents.45 
       The thermal degradation of PAN particles has been studied for many years 
since pyrolyzed PAN exhibits excellent mechanical and electronical properties, and is 
now widely used as the precursor for high performance carbon fibers. 46 , 47 , 48 
Pyrolyzation of PAN particles at higher temperatures can lead to a higher percentage 
of carbon in the residue as shown in Figure 1.5.49 PAN particles could be reduced to 
carbon if the pyrolysis temperature is further increased above 1100 ºC in an inert 
atmosphere. In addition, platinum(II) acetylacetonate (Pt salt) could be reduced to 
elemental platinum when it is pyrolyzed at 700 ºC and as a result, Pt nanoparticles 
may be isolated and immobilized in the carbon matrix, and unable to diffuse or 
coalesce with each other after pyrolization.50 
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Figure 1.5:  Elemental composition of solid products from PAN degradation. 
51
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       Because the thermal fusion between the PAN particles during the thermal 
degradation process is a severe problem for the production of highly dispersed Pt- 
containing carbon nanoparticles, a two-step pyrolysis process was introduced. In the 
two-step process, the temperature is increased to 250 ~300 °C in the first step and 
held there for 30~60 minutes. The temperature is then increased to 1000 °C in the 
second step for the full carbonization of PAN particles. During the first step, 
cyclization of the nitrile groups in PAN particles will transform PAN precursors into 
a more stable structure which is shown in Figure 1.6. As a result, this ladder structure 
is exceptionally heat resistant and can avoid melting or fusion when subsequently 
carbonized at high temperature (1000~2000 °C). 52 Meanwhile, the NH3 and HCN are 
emitted from the terminal imine group of the cyclized structure and the uncyclized 
nitrile group, respectively. Furthermore, the N2 started emitted above 720 °C and as a 
result, the residue will only contain carbon after pyrolyzation above 1200 °C. In 
addition, the two-step pyrolysis of PAN particles can help increase the carbon yield.  
 
Figure 1.6: Cyclization reaction during the thermal stabilization of PAN 
precursors.53 
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1.4    PROJECT OVERVIEW AND OBJECTIVES 
       The overall objective of this research project is to incorporate highly-
dispersed platinum particles with high surface-to-volume ratio in PAN particles as 
catalysts for PEMFCs.  For this purpose, Pt-containing PAN polymer particles with 
sizes ranging from 100 ~ 250 nm were synthesized by three different methods: (1) 
dispersion polymerization using potassium persulfate as the initiator; (2) 
miniemulsion polymerization of AN using 2,2’-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V70) as the initiator; and (3) miniemulsification of PAN latex 
using dimethyl formamide (DMF) or dimethyl acetamide (DMAA) as the solvent. Pt 
salt encapsulated PAN nanoparticles were then pyrolyzed under an inert atmosphere 
above 800 
o
C to achieve fully carbonization of PAN particles. Meanwhile, the 
encapsulated Pt salt were then reduced to Pt nanoparticles size ranging from 5 ~10 
nm. Platinum was used as a model metal system because it is one of the most 
frequently studied metals for the preparation of catalyst for fuel cell applications. 
       There has been little description of the successful preparation of inorganic –
organic nanocomposites in both the literature and experimental data regarding metal 
salt encapsulated inside polymer particles at very high loadings. Therefore, the 
objectives of this research program are: 
1. Prepare model PAN latex particles with small particle size, narrow particle size 
distribution by dispersion polymerization or miniemulsion polymerization for 
metal salt encapsulation. 
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2. Develop the methodology to increase the Pt salt encapsulation content by 
decreasing the amount of coagulum generated during the polymerization. 
3. Exploring the effect of costablizer, surfactants, and monomer/metal ratio on Pt 
salt encapsulation concention. 
4. Understanding the mechanism of thermal degradation of PAN particles by 
investigating the pyrolysis of PAN polymer particles at various conditions, 
including temperature, pyrolyzation process, and different forms, i.e., pieces or 
powder of PAN particles. 
5. Investigate the pyrolysis of PAN polymer particles by a two-step pyrolysis 
method in order to increase the carbon yield and avoid the melting and thermal 
fusion between PAN particles during the carbonization process. 
6. Fabricate Pt/PAN/SiO2 monolayers in order to avoid the thermal fusion between 
PAN particles. 
7. Develop the analytical methods to locate Pt nanoparticles after the pyrolysis 
process as well as obtain quantitative data concerning the Pt encapsulation content. 
8. Encapsulate other metal complex such as Fe (acetylacetonate)3 into PAN/PS 
particles via miniemulsion polymerization in order to prove the wide applicability 
of this technique . 
 
1.5   ORGANIZATION OF DISSERTATION 
       In order to prepare Pt-containing PAN particles with smaller particle size, 
narrow size distribution, dispersion polymerization of acrylonitrile (AN) was first 
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carried out. Then, the incorporation of Pt salt into PAN particles via dispersion 
polymerization was evaluated, and discussed in Chapter 2. 
       Due to the low solubility of Pt salt in AN-saturated DI water, miniemulsion 
polymerization of AN using oil-soluble initiator was evaluated. Chapter 3 discusses 
the difference between using V59 and V70 as initiator when encapsulating Pt salt into 
PAN particles via miniemulsion polymerization. 
       In order to pyrolyze PAN particles to carbon and reduce Pt salt into Pt 
nanoparticles as well, one-step and two-step pyrolysis of PAN particles in a reduced 
atmosphere are evaluated. The combination of the fabrication of PAN/PS/SiO2 
monolayer and Iridium-coating of the samples were carried out to avoid the thermal 
fusion between PAN particles and increase the carbon yield after pyrolysis, and the 
results are discussed in Chapter 4. 
       As an alternative, miniemulsification of PAN particles containing Pt salt is 
described in Chapter 5. 
       Chapter 6 provides a summary of this work and includes some ideas and 
recommendations for future research. 
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CHAPTER 2 
PREPARATION AND CHARACTERIZATION OF PT-
CONTAING PAN NANOCOMPOSITE VIA DISPERSION 
POLYMERIZATION 
 
2.1     INTRODUCTION 
       Dispersion polymerization is defined as a process by which stable colloidal 
polymer particles are formed in a continuous liquid medium through polymerization 
of a monomer which is completely miscible with this medium and in which a 
stabilizer has been initially dissolved.1Dispersion polymerization is an attractive one-
step method to produce nano-size to micron-size polymer particles with a narrow size 
distribution with a homogeneous nucleation mechanism for a variety of monomers.2  
            Dispersion polymerization starts with a homogeneous system. All ingredients, 
including monomer, initiator, and stabilizer, are miscible with the continuous phase. 
However, the reaction mixture is a non-solvent for the resulting polymer. As 
polymerization proceeds, oligomers formed and precipitated out became the small 
nucleas. Then polymer particles are formed when small nucleas reached the critical 
chain length and stabilized by the adsorption of stabilizer, which is usually an 
amphipathic polymer. This amphipathic polymer works through a steric stabilization 
mechanism and repulsive forces are generated by the interaction of opposing 
dissolved polymer chains attached to the particle surface. 3,4,5 
       Dispersion polymerization has recently received tremendous attention for its 
wide applications in industry, health care, and scientific research areas.6,7 For example, 
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cibacron blue F3G-A-carrying uniform macroporous particles were proposed as an 
alternative sorbent for specific albumin adsorption. These particles were produced by 
a multistep polymerization procedure which includes the synthesis of monodispersed 
polystyrene seed particles via dispersion polymerization in the first step.8,9 In addition, 
dispersion polymerization in supercritical carbon dioxide has been a particular focus 
of research and development in both academia and industry for a clean and 
environmentally-friendly technology under relatively mild critical conditions. 10 
 
2.2     EXPERIMENTAL 
 
2.2.1 Materials 
            Acrylonitrile monomer (AN; Acros Organics) was cleaned by removing the 
inhibitor present by passing the monomer through an inhibitor-removal column 
(Sigma-Aldrich). Platinum (II) acetylacetonate (Pt(acac)2; Acros Organics) was used 
as received. The monomer was refrigerated prior to use. Potassium persulfate (KPS; 
Sigma-Aldrich) was used as initiator. Sodium dodecyl sulfate (SDS; MP 
Biochemicals Inc.) was used as surfactant. All of these chemicals were used as 
received. Deionized (DI) water was used for all experiments. 
 
2.2.2 Dispersion Polymerization of AN 
       Dispersion polymerization of acrylonitrile using KPS as the thermal initiator 
was carried out in a 50 mL glass bottle. The 50 mL glass bottle was purged with 
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nitrogen, capped, sealed and then placed in a bottle polymerizer unit and tumbled 
end-over-end at 40 rpm at 70 ºC under a nitrogen atomosphere. Polymerization was 
carried out for 24 hours. The recipe used for the synthesis of the PAN particles is 
shown in Table 2.1.  
 
Table 2.1: Recipe for Dispersion Polymerization of AN 
Ingredient Weight (g) Comment 
Monomer Acrylonitrile (AN) 3.5 7 wt% based on total 
Medium Deionized water 46.5 ─ 
Initiator 
Potassium Persulfate 
(KPS) 
0.05 
0.2 mM based on the 
aqueous phase 
Surfactant 
Sodium Dodecyl 
Sulfate (SDS) 
0.289 
20 mM based on the 
aqueous phase 
Polymerization conditions 70 ºC, 24 hrs 
 
 
2.2.3 Pt-containg PAN Particles Synthesized by Dispersion Polymerization 
       Dispersion polymerization of AN containing Pt salt was carried out via a 
batch (bottle) polymerization process. Because the solubility of AN in DI water is 7%, 
initially, deionized (DI) water was saturated with AN monomer. Pt salt was then 
added into the AN-saturated DI water and mixed in a 50 mL beaker using a magnetic 
stirring bar for 1 hour. After that, KPS and SDS were added into the aqueous solution 
and stirred for 10 minutes. The Pt-containing monomer solution was transferred into a 
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50 mL glass bottle, which was then purged with nitrogen, capped and sealed. The 
bottles were then placed in a bottle polymerizer unit and tumbled end-over-end at 40 
rpm at 70 ºC for 24 hours. The recipe used for the synthesis of the Pt-containing PAN 
particles is listed in Table 2.2. 
 
Table 2.2: Recipe for Dispersion Polymerization of Pt-containing PAN particles  
Ingredient Weight (g) Comment 
Monomer Acrylonitrile (AN) 3.5 7 wt% based on total 
Pt Salt 
Platinum (II) 
acetylacetonate 
(Pt(acac)2 
0.02 ─ 
Medium Deionized water 46.5 ─ 
Initiator 
Potassium Persulfate 
(KPS) 
0.05 
0.2 mM based on the 
aqueous phase 
Surfactant 
Sodium Dodecyl 
Sulfate (SDS) 
0.289 
20 mM based on the 
aqueous phase 
Polymerization Conditions 70 ºC, 24 hrs 
 
 
2.2.4 Characterization 
 
2.2.4.1 Determination of Conversion and Coagulum Amount 
       The amount of coagulum resulted from the colloidal instability of the resulting 
latex particles was obtained by filtering the latex through a nylon mesh with a pore 
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size of 100 μm and weighing the collected coagulum. The conversion of acrylonitrile 
monomer was determined gravimetrically using the coagulum removed latex. 
 
 
2.2.4.2 Particle Size Measurement 
       The particle diameter and size distributions of the pure PAN latex particles 
and Pt-containing PAN nanocomposite were measured by dynamic light scattering 
(Nicomp, Model 370) at 25 °C and by capillary hydrodynamic fractionation at 35 °C 
(CHDF 1100 and 2000, Matec Applied Sciences). They were also measured (in a dry 
state) by transmission electron microscopy (TEM, Phillips 420T, and JEOL 2000), 
measuring 600 particles for each sample.  
 
2.2.4.3 Elemental Analysis 
 
       Elemental composition of Pt-containing PAN nanocomposite was investigated 
by Energy-dispersive X-ray Spectroscopy (EDS, Phillips 420T, and JEOL 2000). It is 
one of the variants of X-ray fluorescence spectroscopy which relies on the 
investigation of a sample through interactions between electromagnetic radiation and 
matter, analyzing X-rays emitted by the matter in response to being hit with charged 
particles. To stimulate the emission of characteristic X-rays from a specimen, a high-
energy beam of charged particles such as electrons or a beam of X-rays, is focused 
into the sample being studied. The incident beam may excite an electron in an inner 
shell, ejecting it from the shell while creating an electron hole and an electron from an 
31 
 
outer, higher-energy shell then fills the hole. The difference in energy between the 
higher-energy shell and the lower energy shell may be released in the form of an X-
ray. The number and energy of the X-rays emitted from a specimen can be measured 
by an energy-dispersive spectrometer. As the energy of the X-rays is characteristic of 
the difference in energy between the two shells, and of the atomic structure of the 
element from which they were emitted, this allows the elemental composition of the 
specimen to be measured. 
 
2.2.4.4 UV-Vis Spectroscopy 
       The solubility of the Pt salt in AN-saturated DI water was tested by UV-Vis 
spectrometer (Spectronic Genesys 2, Milton Roy Campany). UV-Vis spectrometer 
uses light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. The 
absorption or reflectance in the visible range directly affects the perceived color of 
the chemicals involved. 
 
2.2.4.5 Cleaning of Latex 
       The latex was cleaned by serum replacement.11 After diluting the latex to 5% 
solids content in water, the latex was charged into a serum replacement cell, which 
was fitted with a 100 nm pore size membrane. The latex was cleaned by passing 30 to 
40 residence volumes (400 mL) of DI water through the latex. The serum replacement 
process was continued until the conductivity of serum was close to that of deionized 
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water (0.35 µΩ·cm-1). The schematic representative of serum replacement cell is 
shown in Figure 2.1. 
 
 
 
 
Figure 2.1: Schematic representative of serum replacement cell. 
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2.3     RESULTS AND DISCUSSION 
2.3.1 Dispersion Polymerization of AN 
     In order to encapsulate Pt salt inside polyacrylonitrile (PAN) polymer particles, 
PAN particles with small diameters, and narrow size distribution was required. 
Obviously, the most convenient way to achieve this goal is to polymerize containing 
AN monomer droplets containing Pt salt via homogeneous nucleation. Since AN has 
a high water solubility (7 wt%) and Pt salt can be fully dissolved in the AN monomer, 
a dispersion polymerization process, which has a homogeneous nucleation 
mechanism, seems like the most direct method to fabricate Pt-containing PAN 
particles.  
       Dispersion polymerization is the usual method for producing particles in a 
single-step with sizes ranging from 0.1 ~ 15 μm12, 13, 14, 15. At the beginning of the 
process, the monomer, initiator, and surfactant (usually a polymer, referred to as a 
stabilizer) are dissolved in the polymerization medium and form a homogeneous 
solution. Upon polymerization, the initiator radicals react with the solute monomer 
molecules to form oligomeric radicals, which at a critical chain length precipitate out 
as small nuclei. The small nuclei then grow to the final size by agglomeration, 
polymerization of monomer in the swollen nuclei, and seeded polymerization of the 
monomer on the nuclei surfaces. The growing process is accompanied by adsorption 
of the stabilizer on the surface of the particles while stabilizing them. The particles 
stop growing when all of the monomer is consumed and/or when the stabilizer is 
adsorbed and forms a relatively packed coating on the surface of the particles.16 
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       The first step in these experiments is to find a proper recipe that can be used 
prepare PAN particles with small particle diameter and narrow size distribution as 
well. Above all, the dispersion polymerization of AN was carried out at different 
polymerization time based on the recipe shown in Table 2.1 so as to understand the 
kinetics of AN polymerization. The conversion, as well as the amount of coagulum 
formed were collected and are shown in Figure 2.2. It can be seen from Figure 2.2 
that the conversion of AN is 86 wt% after 1 hour of reaction and increased to nearly 
90 wt% when the polymerization time is 2 hours. Then the conversion keeps constant 
at 90 wt% when further increasing the polymerization time to 24 hrs. This indicates 
that the AN dispersion polymerization completed reaction after 2 hours. The amounts 
of coagulum are below 1 wt% for all samples which proved that SDS is a suitable 
stabilizer for the dispersion polymerization of AN. The particle size and the 
polydispersity (PDI) were measured by dynamic light scattering (DLS) and the results 
are listed in Table 2.3. 
 
Table 2.3: Particle Sizes and Size Distributions of PAN Latexes 
 
Polymerization Time (hr) 
1 2 4 6 10 24 
Dw (nm) 173 175 196 161 191 172 
Dn (nm) 124 140 133 112 137 148 
PDI (Dw / Dn) 1.39 1.25 1.47 1.44 1.39 1.16 
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Figure 2.2: Conversion and coagulum amount as a function of polymerization time. 
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       From Table 2.3 it can be seen that the size of prepared PAN particles is 
between 160 and 200 nm and the PDI ranges from 1.16 to 1.47. When the 
polymerization time is 24 hours, the prepared PAN particles have the second smallest 
particle diameter and the narrowest PDI as well. In order to prepare PAN particles 
with higher surface area, smaller particle size and narrower PDI, a series of 
experiments were carried out by varying the SDS concentration while keeping the 
initial AN concentration and other parameters constant. Figure 2.3 shows the volume 
-average particle diameter of PAN particles and the PDI as a function of surfactant 
concentration. It can be seen that by increasing the SDS concentration from 10 mM to 
20 mM, the particle size decreased from 200 nm to a minimum value of 160 nm and 
the polydispersity (PDI) increased slowly from 1.17 to 1.22. However, further 
increasing the surfactant concentration from 20 mM to 50 mM resulted in a 
continuous increase of particle size from 160 to 230 nm at the highest SDS 
concentration.  
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Figure 2.3: Particle sizes and PDI of PAN particles versus SDS concentration. 
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       The decrease in size of the PAN nanoparticles with an increase in surfactant 
concentration from 10 to 20 mM may be explained by the increase in the adsorbed 
amount of surfactant on the surface of the formed PAN particles, and as a 
consequence better protection against growth processes. The increase in the PAN 
nanoparticles’ size after reaching their minimum diameter by further increasing the 
surfactant concentration from 20 to 50 mM could be attributed to the increase in the 
viscosity of the continuous phase. Such an increase in the viscosity of the 
polymerization medium can lead to deceleration of the termination stage of the 
polymerization process due to hindrance of oligoradicals diffusion and as a result 
leads to an increase in the concentration of the precipitated PAN chains and an 
increase in the size of the final particles. Similar phenomenon was observed in 
Boguslavsky’s work. 17 
       Table 2.4 shows the conversion of AN as a function of surfactant 
concentration. It can be seen from Table 2.4 that the conversion of AN prepared by 
dispersion polymerization are all above 94% and no coagulum were found after the 
polymerization was completed which also indicates good stability provided by SDS. 
Comparing all samples prepared by various SDS concentrations, PAN polymer 
particles synthesized using 20 mM SDS posses the smallest particle diameter, 
narrowest PDI, and high conversion. Thus, a proper recipe that contain 20 mM SDS 
and 7 wt% of AN was selected to encapsulate Pt salt via the dispersion 
polymerization route. 
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Table 2.4: Conversion of PAN Latexes as a Function of SDS Concentration 
 
SDS Concentration (mM) 
10 15 20 25 30 40 
Conversion (%) 94.0 94.7 98.6 96.7 98.0 99.1 
 
2.3.2 Synthesis of Pt-containing PAN Particles via Dispersion Polymerization 
       Because PAN particles prepared using 20 mM SDS and 7 wt% AN gives the 
smallest particle size and narrowest size distribution, this recipe was selected for the 
dispersion polymerization of AN containing Pt salt via a batch (bottle) polymerization 
process which is shown in Table 2.2. After the polymerization process, the Pt-
containing PAN particles were observed under TEM and the elemental composition 
of PAN particles was measured by Energy-dispersive X-ray Spectroscopy (EDS). 
Figure 2.4 shows the TEM image as well as the elemental analysis of Pt-containing 
PAN latex particles.  
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(a) 
 
(b) 
Figure 2.4: (a) TEM image of Pt-containing PAN particles prepared by dispersion 
polymerization, and (b) Elemental analysis of Pt-containing PAN particles. 
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       The particle size of Pt-containing PAN particles were measured by TEM 
based on 600 particles for each sample and the results are listed in Table 2.5. For the 
comparison of the particle size between pure PAN particles and Pt-containing PAN 
particles, the particle size of PAN particles without Pt salt were also measured by 
TEM and is included in Table 2.5. 
 
Table 2.5: Conversion of PAN Latexes as a Function of SDS Concentration 
 
Particle Size Measurement 
Conversion (%) 
Dw (nm) Dv (nm) Dn (nm) PDI 
Pt-Containing 
PAN 
229.0 196.3 182.1 1.26 95.8 
Pure PAN 192.0 168.4 157.5 1.22 98.6 
 
       From Table 2.5, it is found that the particle size of Pt-containing PAN 
particles is larger than pure PAN particles. This could be attributed to the successful 
encapsulation of Pt salt in PAN particles. Based on the elemental analysis result 
shown in Figure 2.4 (b), if Pt exists in the PAN particles, the Kα and Lα X-ray 
emission line for Pt should be observed at 2.048 keV and 9.440 keV, respectively. 
However, the Pt emission lines were not found in Figure 2.4 (b) which indicated that 
no platinum was incorporated in the PAN particles. One possibility why we were 
unable to locate Pt in the PAN particles is the small amount of Pt salt that was used to 
prepare the Pt-containing PAN particles. As a consequence, the Pt salt may not be 
42 
 
uniformly dispersed in PAN particles, and thus may be below the EDS detection 
limitation (1 wt%) which makes the identification of Pt salt difficult. However, a 
series of experiments focused on increasing the initial Pt salt concentration was 
carried out and the results shown that though the Pt salt concentration increased to 
above the EDS detection limitation, Pt emission lines still could not be found.  
       Another possible reason for unsuccessful encapsulation of Pt salt is that the Pt 
salt has a low solubility in AN-saturated DI water and therefore only a small portion 
of the Pt salt would be incorporated into the PAN particles after polymerization 
which made it hard to detect the Pt as well. In order to test the solubility of Pt salt in 
AN-saturated DI water, a series of experiments were carried out. Figure 2.5 shows the 
chemical structure of the Pt salt that used to prepare the Pt-containing PAN particles.  
 
 
Figure 2.5: Chemical structure of platinum (II) acetylacetonate (Pt(acac)2). 
   
       Since the carbonyl group shows an absorption peak at 360 nm wavelength 
under UV light, the concentration of Pt salt in the aqueous phase can be detected with 
a UV spectrometer.  A calibration curve of various Pt salt concentrations in AN was 
measured at the 360 nm wavelength and is shown in Figure 2.6. 
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Figure 2.6: Calibration curve of Pt salt in AN measured by UV spectrometer. 
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       To test the solubility of Pt salt in AN-saturated DI water, 0.0192 g Pt salt was 
added into 50 g DI water initially. Then AN was titrated into the Pt-containing DI 
water while mixing using a magnetic stirring bar. A transition in color for the solution 
was observed and is listed in Table 2.6. After adding 10 g AN into DI water, the Pt 
salt concentration in the upper level of the solution which only contains excess AN 
was measured with the UV spectrometer. The result shows that 0.0185 g Pt salt was 
dissolved in the excess monomer layer which indicates that only 3.6% of Pt salt was 
dissolved in AN-saturated DI water. Pt salt partitioning test in excess monomer layer 
and AN-saturated DI water are photographed and shown in Figure 2.7. 
 
 
Table 2.6: Observation of Titration of AN into water contains Pt salt  
AN (wt%) Observation & Explanation 
2 
Solution turned light yellow, Pt salt starts dissolving in monomer 
solution 
4 
Remain light yellow, Pt salt crystal can be seen at the bottom, Pt salt 
not fully dissolved 
6 
Remain light yellow, Pt salt crystal can be seen at the bottom, Pt salt 
not fully dissolved 
8 
Phase separation occurred, AN concentration beyond the AN solubility 
in water, upper level turned yellow 
10 Pt salt fully dissolved, bottom level turned colorless 
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Figure 2.7: Pt salt partitioning test in: (a) excess monomer layer, and (b) AN-
saturated DI water. 
 
       A direct Pt salt solubility measurement was also performed by dissolving Pt 
salt in AN-saturated DI water. Undissolved Pt salt crystals were filtered out from 
solution using filter paper (pore size: 5 ~ 10 µm), dried in an oven for 24 hrs, and 
weighed.  The result indicated that only 0.02 wt% of the Pt salt was dissolved in AN-
saturated DI water. Figure 2.8 shows 4 different samples, including (1): AN-saturated 
DI water, (2): Pt salt added to AN-saturated DI water, (3): Pt salt added to AN, and 
(4): Undissolved Pt salt crystals.  
 
 
 
 
 
 
 
 
Excess monomer layer 
 
AN-saturated DI water  
(a) 
(b) 
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Figure 2.8: Pt salt solubility measurement: (1) AN-saturated DI water, (2) Pt salt 
added to AN-saturated DI water, (3) Pt salt added to AN, and (4) Undissolved Pt salt 
crystals. 
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       In order to increase the solubility of Pt salt in AN-saturated DI water, several 
different methods were tried. For example, the monomer solution (50 mL) that 
contained 0.02 g Pt salt was heated to 70 °C for 4 hrs. However, Pt salt crystals still 
could be seen on the bottom of the solution. In another approach, the Pt salt was fully 
dissolved in pure monomer first and then mixed with the aqueous phase, nevertheless 
the Pt salt crystallized out after 10 minutes mixing. Therefore, the experiments 
indicated that the unsuccessful incorporation of the Pt salt into the PAN particles is 
mainly due to the low solubility of the Pt salt in AN-saturated DI water when 
preparing the PAN particles by dispersion polymerization. Thus, the synthesis of Pt-
containing PAN particles via emulsion polymerization is proposed as an alternative 
approach. 
 
 
2.3.3 Synthesis of Pt-containing PAN Particles via Emulsion Polymerization 
 
       “Emulsion polymerization is a free-radical-initiated chain polymerization 
process in which a monomer or a mixture of monomers is polymerized in the 
presence of an aqueous solution of a surfactant to form a product, known as latex”. 18 
Emulsion polymerization system consisting DI water, monomers, initiators, 
surfactants, and sometimes chain transfer agents. Among all of the components in 
emulsion system, water acts as the medium offering low viscosity and a high heat 
capacity. Surfactants act as colloidal stabilizer on particle nucleation and the amount 
48 
 
and types of surfactants are quite crucial to achieve a stable emulsion system and 
obtain a desired particle size and size distribution. The nucleation mechanism in 
emulsion polymerization is termed micellar nucleation. When the surfactant 
concentration is higher than a crucial concentration (critical micelle concentration; 
CMC), surfactant molecules aggregate in an ordered structure termed a micelle. In an 
aqueous medium, the inner region of the micelle is hydrophobic and the outer region 
is hydrophilic. Therefore it can be swollen by monomers. As initiator decomposes, 
the resulting free radicals may enter the monomer-swollen surfactant micelles to 
initiate polymerization. Usually less than 1% of all micelles can capture radicals and 
the monomer droplets serve as reservoirs for the transport of monomer through the 
aqueous medium from the monomer droplets to micelles to grow the nuclei into large 
particles. Figure 2.9 shows a schematic representative of micellar nucleation in 
emulsion polymerization process. 
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Figure 2.9: Schematic representative of micelle nucleation in emulsion 
polymerization process. 
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       Since the synthesis of Pt-containing PAN particles via dispersion 
polymerization failed due to the low solubility of Pt salt in AN-saturated DI water, 
emulsion polymerization, which increases the monomer concentration beyond the 
water solubility of AN, could be a good alternative to encapsulate Pt salt into PAN 
particles. Initially, PAN particles without Pt salt were prepared by emulsion 
polymerization and the recipe is shown in Table 2.7. 
 
Table 2.7: Recipe for Emulsion Polymerization of AN 
Ingredient Weight (g) Comment 
Monomer Acrylonitrile (AN) 3.5 to 10 7 ~ 20 wt% based on total 
Medium Deionized water 46.5 ─ 
Initiator 
Potassium Persulfate 
(KPS) 
0.05 
0.2 mM based on the 
aqueous phase 
Surfactant 
Sodium Dodecyl 
Sulfate (SDS) 
0.289 
20 mM based on the 
aqueous phase 
Polymerization Conditions 70 °C, 24 hrs 
 
      A series of experiment was carried out by varying the initial monomer 
concentration from 5 to 10 wt% in order to compare the different nucleation 
mechanisms between dispersion polymerization and emulsion polymerization of AN. 
The particle size and PDI were measured and is shown in Figure 2.10. The conversion, 
and the amount of coagulum for these samples is reported in Table 2.8. 
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       It is seen from Table 2.8 that the conversions of AN are all above 93 wt%. 
Moreover, there is no coagulum present for all samples except when the initial 
monomer concentration was increased to 10 wt%. Another similar transition was also 
observed in Figure 2.10. When the initial monomer concentration was increased from 
5 to 7 wt%, the particle size increased gradually because the nucleation mechanism is 
still homogeneous nucleation and with more initial monomer content, the final 
particle size would be larger. However, when the monomer concentration was 
increased from 7 to 10 wt%, the particle size increased sharply from 180 nm to 350 
nm. These results indicated that the nucleation mechanism underwent a transition 
from homogeneous nucleation to micellar nucleation when increasing the monomer 
concentration from 7 to 10 wt%. The large amount of coagulum present when 
increasing the monomer concentration to 10 wt% showed that either the SDS may not 
be a proper stabilizer for the AN emulsion polymerization system, or the amount of 
SDS is not enough to stabilize the AN emulsion. Thus, another series of experiment 
was carried out by varying the surfactant concentration from 20 to 40 mM keeping 
the AN concentration at 10 wt%, and the result is shown in Table 2.9. 
Table 2.8: Conversion and Coagulum Amount of PAN Latexes as a Function of 
Initial Monomer Concentration 
 
Initial Monomer Concentration (wt%) 
5 6 7 8 10 
Conversion (%) 98.6 97.4 98.6 96.4 93.7 
Coagulum (%) 0 0 0 0 26.3 
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Figure 2.10: Particle size and PDI of PAN particles versus initial monomer 
concentration. 
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The amount of coagulum decreased from 26.3 wt% to 0.6 wt% when increasing the 
SDS concentration from 20 mM to 40 mM which indicated that higher surfactant 
concentration offered better stability of the AN emulsion system. In order to increase 
the AN concentration so as to increase the surface area of carbon support after 
pyrolysis, a series of experiment focusing on varying the initial monomer 
concentration from 10 to 20 wt% was carried out. The conversion and amount of 
coagulum is listed in Table 2.10.  
 
Table 2.9: Conversion and Coagulum Amount of PAN Particles versus SDS 
Concentration 
[AN] [SDS] Conversion (wt%) Coagulum (wt%) 
10 % 20 mM  99.8 26.3 
10 % 30 mM  97.2 13.6 
10 %  40 mM  95.9 0.6 
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       From Table 2.10, it is seen that the amount of coagulum increased from 0.6 wt% 
to above 50 wt% when increasing the monomer concentration from 10 to 20 wt%. 
Although several approaches, such as increasing the SDS concentration, changing 
another type of surfactant, using both anionic and nonionic surfactant, were carried 
out trying to reduce the coagulum amount, the amount of coagulum generated from 
the AN emulsion system is still high. The reason for this phenomenon is still not clear 
and to the best of my knowledge, a similar effect of the influence of the AN 
concentration on the amount of coagulum has not been previously reported. Here I 
propose an assumption to explain this phenomenon. It was found that when the 
monomer concentration is less than 7 wt%, which is also less than the water solubility 
of AN, there were no coagulum at all. However, after increasing the monomer 
concentration to 10 wt% or even above, coagulum was formed, although higher SDS 
concentrations can reduce the amount of coagulum. This may indicate the 
simultaneously existence of two nucleation mechanisms, one is the homogeneous 
nucleation and the other one is micellar nucleation. When the monomer concentration 
is less than 7 wt%, there will be only homogeneous nucleation and the amount of 
surfactant is enough to stabilize the nucleated PAN particles. But increasing the 
monomer concentration from 7 to 20 % will lead to a competition between 
homogeneous nucleation and micellar nucleation, the partitioning of SDS between the 
surface of small nuclei and the micelle may cause instability in some area and thus 
result in the large amount of coagulum formed. Furthermore, the particle size and PDI 
will be increased when increasing the SDS concentration due to the aggragation, 
although the amount of coagulum can be reduced in this way.   
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Table 2.10: Conversion and Coagulum Amount of PAN Particles versus Initial 
Monomer Concentration 
[AN] [SDS] Conversion (wt%) Coagulum (wt%) 
10 % 40 mM 95.9 0.6 
12 % 40 mM 97.8  28.8  
14 % 40 mM 98.0  42.5  
16 % 40 mM 97.0  52.5  
18 % 40 mM 99.9  56.8  
20 % 40 mM 99.4  50.8  
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2.4 CONCLUSIONS 
       PAN polymer particles synthesized by dispersion polymerization using 20 
mM SDS posses the smallest particle diameter, narrowest PDI, and high conversion. 
Thus, a recipe that contains 20 mM SDS and 7 wt% of AN was selected to 
encapsulate Pt salt via the dispersion polymerization route. However, after elemental 
analysis, the results indicated that platinum was not successfully incorporated in the 
PAN particles. After measuring the solubility of the Pt salt in AN-saturated deionized 
(DI) water by UV-Vis spectrometry, it was found that only 3.6 wt% of the Pt salt was 
dissolved in the monomer mixture; this is then believed to be the main reason for the 
unsuccessful incorporation of Pt salt into the PAN particles. 
       Another approach, the emulsion polymerization of AN was carried out. 
Although several approaches, such as increasing the SDS concentration, changing 
another type of surfactant, using both anionic and nonionic surfactant, were carried 
out trying to reduce the amount of coagulum when increasing the AN concentration 
above its water solubility, the amount of coagulum generated from the AN emulsion 
system is still high. This indicates that conventional emulsion polymerization is not a 
good approach to encapsulate Pt salt into PAN particles.   
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CHAPTER 3 
PREPARATION AND CHARACTERIZATION OF PT-
CONTAING PAN NANOCOMPOSITE VIA MINIEMULSION 
POLYMERIZATION 
 
3.1     INTRODUCTION 
       Miniemulsion polymerization has become increasingly popular nowadays 
since it can provide significant advantages over conventional emulsion 
polymerization in many areas, including the key advantage in producing polymer 
particles with controllable particle size due to its different nucleation mechanism.  
       Miniemulsions are relatively stable droplets (e.g., monomer), which are 
defined to range in size from 50 to 500 nm, and are normally dispersed in an aqueous 
phase with the aid of a surfactant and a costabilizer. Miniemulsion polymerization 
can produce polymer particles with high solids, low viscosity, and better stability 
compared to conventional emulsion polymerization. In addition, miniemulsion 
polymerization has many practical applications, including polymerization of highly 
water-insoluble monomers, preparation of hybrid polymer particles, encapsulation of 
inorganic solids, and fabrication of catalytic polymer particles.1, 2, 3 
       The main difference between miniemulsion and conventional emulsion 
polymerization systems is the locus of particle nucleation. Micelles are the typical 
locus in conventional emulsion systems while monomer droplets are the primary loci 
in miniemulsion nucleation process. Because the application of high shear typically 
causes an increase in the total surface area of the monomer droplets, they can 
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compete effectively for free radicals during polymerization. Surfactant is used to 
prevent the coalescence between the small monomer droplets while the low molecular 
costabilizer (e.g. hexadecane) is used to reduce the diffusional degradation of the 
monomer droplets (Ostwald Ripenings). 
       Landfester et al. reported that PAN nanoparticles in sizes ranging from 
approximately 100 to 180 nm could be prepared by miniemulsion polymerization of 
acrylonitrile in the presence of 2, 2’-azo (2-methylbutyronitrile) (V59) as the initiator, 
sodium dodecyl sulfate as the surfactant and hexadecane as the costablizer.4 Thus, the 
first step described in this chapter is to reproduce the PAN particles based on the 
recipe shown in Landfester’s paper. 
 
3.2     EXPERIMENTAL 
3.2.1 Materials 
            Acrylonitrile monomer (AN; Acros Organics) was cleaned by removing the 
inhibitor by passing the monomer through an inhibitor-removal column (Sigma-
Aldrich). Styrene monomer (Aldrich) was purified via vacuum distillation at 50 °C 
and a pressure of 40 mm Hg to remove the inhibitor before use. The monomer was 
refrigerated prior to use. Platinum (II) acetylacetonate (Pt(acac)2; Acros Organics) 
was used as received. 2, 2’-azobis(2-methylbutyronitrile) (V59; Wako Pure Chemical 
Industries) and 2, 2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70)  were used 
as initiators. Sodium dodecyl sulfate (SDS; MP Biochemicals Inc.) and Triton X-100 
(Union Carbide Chemicals) were used as surfactants. Hexadecane (Acros Organics) 
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or cetyl alcohol (Fisher Scientific) was used as costablizer. Toluene (Fisher Scietific) 
was used as solvent. All other chemicals were used as received. Deionized (DI) water 
was used for all experiments. 
 
3.2.2 Miniemulsion Polymerization of AN 
       Miniemulsion polymerization of AN using V59, KPS or V70 as initiator was 
carried out via a batch polymerization process. The aqueous phase was prepared by 
dissolving the surfactant into DI water and the oil phase was prepared by mixing 
costabilizer and initiator with monomer. Each phase was prepared separately. Then 
the oil phase was slowly added into the aqueous phase in a 50 mL beaker while 
stirring using a magnetic bar. The crude emulsion was then sonified using a sonifier 
(Bronson W450, Branson Ultrasonics Corp.) at a power level of 8 and 50% duty cycle 
for 2 minutes. The miniemulsion was then transferred into a 50 mL glass bottle, 
which was then purged with nitrogen, capped, and sealed. The bottles were then 
placed in a bottle polymerizer unit and tumbled end-over-end at 40 rpm at 55 °C for 4 
hours. The recipe used for the synthesis of the PAN particles using V59, KPS or V70 
is listed in Table 3.1.  
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Table 3.1: Recipe for Miniemulsion Polymerization of Acrylonitrile 
Ingredient Weight (g) Comment 
Monomer Acrylonitrile (AN) 10 20 wt% based on total 
Medium Deionized water 40 80 wt% based on total 
Initiator V59, KPS or V70 0.03 
2 mM based on the aqueous 
phase 
Surfactant 
Sodium Dodecyl Sulfate 
(SDS) 
0.289 
20 mM based on the aqueous 
phase 
Costabilizer Hexadecane (HD) 0.4 4 wt% based on monomer 
Polymerization Conditions 55 °C, 4 hrs 
 
3.2.3 Miniemulsion Copolymerization of AN and Styrene 
       Miniemulsion copolymerization of AN and Styrene using V70 as initiator was 
carried out via a batch polymerization process. The procedure was the same as 
mentioned in section 3.2.2. The recipe used for the synthesis of the PAN particles 
using V70 is listed in Table 3.2.  
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Table 3.2: Recipe for Miniemulsion Copolymerization of AN and Styrene 
Ingredient Weight (g) Comment 
Monomer 
Acrylonitrile (AN) 5 to 10 50 to 100 wt% based on oil 
Styrene 0 to 5 0 to50 wt% based on oil 
Medium Deionized water 40 80 wt% based on total 
Initiator V70 0.03 
2 mM based on the aqueous 
phase 
Surfactant 
Sodium Dodecyl Sulfate 
(SDS) 
0.289 
20 mM based on the aqueous 
phase 
Costabilizer Hexadecane (HD) 0.4 4 wt% based on monomers 
Polymerization time 55 ºC, 4 hrs 
 
3.2.4 Pt-containing PAN Particles Synthesized by Miniemulsion 
Polymerization 
       Miniemulsion polymerization of AN containing Pt salt was carried out via a 
batch (bottle) polymerization process. Because the Pt salt can be fully dissolved in 
AN, initially, Pt salt, costabilizer, and initiator are all dissolved in monomer to form 
the oil phase. Meanwhile, the aqueous phase is formed by adding surfactant into DI 
water. The following procedure are the same as mentioned in section 3.2.2. The 
recipe used for the synthesis of the Pt-containing PAN particles is listed in Table 3.3.  
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Table 3.3: Recipe for Miniemulsion Polymerization of Pt-containing PAN particles  
Ingredient Weight (g) Comment 
Monomer Acrylonitrile (AN) 10 20 wt% based on total 
Pt Salt 
Platinum (II) 
acetylacetonate 
(Pt(acac)2 
0.1 1 wt% based on total 
Medium Deionized water 40 80 wt% based on total 
Initiator V70 0.03 
2 mM based on the aqueous 
phase 
Surfactant 
Sodium Dodecyl Sulfate 
(SDS) 
0.289 
20 mM based on the aqueous 
phase 
Costabilizer Hexadecane (HD) 0.4 4 wt% based on monomer 
Polymerization Conditions 55 ºC, 4 hrs 
 
3.2.5 Pt-containing PAN/PS Particles Synthesized by Miniemulsion 
Polymerization 
       Miniemulsion copolymerization of AN and Styrene containing Pt salt was 
carried out via a batch (bottle) polymerization process. The procedure is the same as 
used for the miniemulsion polymerization of AN containing Pt salt. The recipe used 
for the synthesis of the Pt-containing PAN/PS particles is listed in Table 3.4. A 
schematic representation of miniemulsion polymerization of Pt-containg PAN/PS 
Particles is shown in Figure 3.1. 
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Table 3.4: Recipe for Miniemulsion Polymerization of Pt-containing PAN/PS 
Particles  
Ingredient Weight (g) Comment 
Monomer 
Acrylonitrile (AN) 4 80 wt% based on total 
Styrene 1 20 wt% based on total 
Pt Salt 
Platinum (II) 
acetylacetonate 
(Pt(acac)2) 
0.1 2 wt% based on total 
Medium Deionized water 20 80 wt% based on total 
Initiator V70 0.015 
2 mM based on the aqueous 
phase 
Surfactant 
Sodium Dodecyl Sulfate 
(SDS) 
0.145 
20 mM based on the aqueous 
phase 
Costabilizer Hexadecane (HD) 0.4 4 wt% based on monomer 
Polymerization Conditions 55 ºC, 4 hrs 
 
 
 
 
 
 
 
 
 
66 
 
 
 
 
 
 
 
Figure 3.1: Schematic diagram of the process used for incorporation of platinum 
within PAN/PS particles using miniemulsion polymerization. 
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3.2.6 Characterization 
3.2.6.1 Determination of Conversion and Coagulum Amount 
       The amount of coagulum formed from the colloidal instability of the resulting 
latex particles was obtained by filtering the latex through a nylon mesh with a pore 
size of 100 μm and weighing the collected coagulum. The conversion of acrylonitrile 
monomer was determined gravimetrically using latex where the coagulum was filtered out. 
 
3.2.6.2 Particle Size Measurement 
       The particle diameter and size distributions of the pure PAN latex particles 
and Pt-containing PAN nanocomposites were measured by dynamic light scattering 
(Nicomp, Model 370) at 25 °C and by capillary hydrodynamic fractionation at 35 °C 
(CHDF 1100 and 2000, Matec Applied Sciences). They were also measured (in a dry 
state) by transmission electron microscopy (TEM, Phillips 420T, and JEOL 2000), 
measuring 600 particles for each sample.  
 
3.2.6.3 Chemical Structure and Elemental Analysis 
       Nuclear magnetic resonance (NMR, Bruker 500 MHz) and X-ray Diffraction 
(XRD, Rigaku, Rotaflex) were used to characterize the chemical composition of the 
copolymer particles prepared with various PAN/PS ratios. For the XRD analysis, the 
2θ scan range was 10° to 80°, with a step size of 0.05° and a resolution of 0.01°. 
Qualitative data of the elemental composition of Pt-containing PAN or PAN/PS 
nanocomposite was investigated by Energy-dispersive X-ray Spectroscopy (EDS, 
Phillips 420T, and JEOL 2000). Quantitative data of the elemental composition of Pt-
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containing PAN/PS nanocomposite was investigated by Inductively Coupled Plasma 
(ICP, )  and Thermogravimetric Analysis (TGA, Hi-Res 2950, TA Instruments). 
  
3.2.6.4 Cleaning of Latex 
       The latex was cleaned by serum replacement.5 After diluting the latex to 5% 
solids content in water, the latex was charged into a serum replacement cell, which 
was fitted with a 100 nm pore size membrane. The latex was cleaned by passing 30 to 
40 residence volumes (400 mL of DI water for each residence volume) through the 
latex. The serum replacement process was continued until the conductivity of serum 
was close to that of deionized water (0.35 µΩ·cm-1).  
 
3.3     RESULTS AND DISCUSSION 
3.3.1 Miniemulsion Polymerization of AN using V59 as Initiator 
            In the previous chapter, PAN polymer particles synthesized by dispersion 
polymerization using 20 mM SDS possessed the smallest particle diameter, narrowest 
PDI, and high conversion. Thus, a recipe that contained 20 mM SDS and 7 wt% of 
AN was selected to encapsulate Pt salt via the dispersion polymerization route. 
However, after elemental analysis, the results indicated that platinum was not 
successfully incorporated in the PAN particles due to the low solubility of the Pt salt 
in AN-saturated deionized (DI) water. Emulsion polymerization of AN was carried as 
an alternative method. However, the large amount of coagulum generated from the 
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AN emulsion system makes emulsion polymerization an impropriate method to 
encapsulate Pt salt into PAN particles.   
       Miniemulsion polymerizations of PAN using V59 as the initiator were carried 
out using the recipes listed in Table 3.1. In order to prepare PAN particles with small 
size and narrow size distributions, a series of experiments were carried out by varying 
the sonification time, while keeping the other parameters constant. The particle size 
and PDI of each sample were obtained and are listed in Table 3.5.  
 
Table 3.5: Miniemulsion Polymerization of AN with V59 as Initiator for Different 
Sonification Times 
Sonification 
Time (mins) * 
Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) 
4 191.0 105.0 37.7 5.1 
10 196.7 134.3 59.3 3.3 
15 218.3 175.0 82.3 2.7 
20 200.0 131.7 51.7 3.9 
*Reaction temperature = 55 ºC, reaction time = 4 hours. 
  
       The particle size did not vary greatly with increasing sonification time. 
Furthermore, the PDI values are all above 2.7 after miniemulsion polymerization 
which indicated that the particles are not uniformly distributed no matter how long 
the sonification time when preparing the miniemulsions. The amount of coagulum 
and conversion were measured and is shown in Figure 3.2. 
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Figure 3.2: Conversion and coagulum amount of PAN latex prepared via 
miniemulsion polymerization using V59 as initiator. 
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       It is found from Figure 3.2 that the coagulum formed decreases with 
increasing sonification time from 4 minutes to 20 minutes. However, the overall 
conversion of monomer decreases with increasing sonification time from 4 minutes to 
10 minutes, increases with continuing increasing sonification time from 10 minutes to 
15 minutes, and then decreases further with further increasing the sonification time 
from 15 minutes to 20 minutes. Since our objective for preparinging PAN latex 
particles is to obtain high conversion of acrylonitrile monomer while reducing the 
amount of coagulum, a series of experiments were then carried out varying the 
reaction time at the same sonification time of 20 minutes. The particle size, coagulum 
and conversion of each sample were obtained and are listed in Table 3.6.  
 
Table 3.6: Miniemulsion Polymerization of PAN with V59 as Initiator at Different 
Reaction Times 
Polymerization 
Time (hrs)  
Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) 
2 183.0 116.5 51.5 3.6 
4 200.0 131.7 51.7 3.9 
6 205.1 124.1 52.5 3.9 
8 216.5 176.5 95.4 2.3 
10 206.5 168.5 95.5 2.2 
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Figure 3.3: Conversion and coagulum amount of PAN latex as a function of 
polymerization time. 
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       It can be found from Table 3.6 that the particle size of prepared PAN particles 
is between 180 nm and 220 nm when varying the polymerization time from 2 to 10 
hrs. Meanwhile, the PDI decreased from 3.9 to 2.3 when increasing the 
polymerization time. Figure 3.3 indicated that with increasing the reaction time from 
2 to 10 hours, the percentage of coagulum formed increased to ~18% for the 10 hour 
sample. The conversion of acrylonitrile monomer increased gradually from 2 to 6 
hours and reached a maximum conversion of nearly 75% at 10 hr of polymerization. 
Therefore, the best sample that we obtained from miniemulsion polymerizations of 
AN using V59 as the initiator had a level of ~18% coagulum and a maximum of 75% 
conversion with a particle size around 200 nm.  
       Next, PAN particles were synthesized using different amounts of V59 in order 
to reduce the amount of coagulum and increase the conversion. The coagulum and 
conversion of PAN latex particles were measured and the results shown in Figure 3.4. 
 
 
 
 
 
 
 
 
 
 
74 
 
 
 
 
 
 
 
Figure 3.4: Conversion and coagulum amount of PAN latex as a function of initiator 
concentration. 
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       It is easily seen from Figure 3.4 that by increasing the initiator concentration 
from 0.5 mM to 15 mM, the conversion of AN increased from 3% to 72%, while the 
coagulum amount also increased from 0.1 % to 33%.  Although larger amounts of 
V59 can lead to higher conversions of PAN latex particles, the amount of coagulum 
formed in this recipe is unacceptable. In addition, different amounts of surfactant and 
costabilizer were employed in order to reduce the amount of coagulum formed during 
the miniemulsion polymerization process. However, all of the samples had at least 18 
wt% of coagulum. This could be attributed to the high water solubility of AN in the 
aqueous phase. Because the majority of the free radicals generated from V59 
decomposition are in the monomer droplet, a certain percentage of the already 
dissolved monomer cannot polymerize in the aqueous phase. As a result, a large 
amount of coagulum was generated. Therefore, a water soluble initiator, KPS, was 
used to polymerize AN via miniemulsion polymerization. 
 
3.3.2 Miniemulsion Polymerization of AN using KPS as Initiator 
       Miniemulsion polymerizations of AN using KPS as the initiator were carried 
out using the recipes listed in Table 3.1. During the first experiments, it was found 
that when the monomer concentration was 20% of the total recipe the miniemulsion 
became totally coagulated after 4 hours of reaction at 70 °C. In order to reduce the 
amount of coagulum, a series of experiments were carried out by varying the AN 
concentration while keeping the other parameters constant. The particle size and PDI 
were obtained and are listed in Table 3.7. The amount of coagulum and conversion 
for each sample were measured and is shown in Figure 3.5. 
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Table 3.7: Miniemulsion Polymerization of AN for Different Monomer 
Concentrations 
Monomer Conc. 
(wt%)  
Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) 
5 125.0 90.8 62.3 2.0 
7 167.1 147.7 120.5 1.4 
10 311.2 322.1 279.9 1.1 
12 1536.1 2853.0 418.5 3.7 
 
 
 
Figure 3.5: Conversion and coagulum amount of PAN latex as a function of 
monomer concentration. 
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      From Table 3.7 it was observed that as the monomer concentration was 
increased, the particle size increased gradually from 125 nm to 167 nm and increased 
sharply from 167 nm to 311 nm when increasing the monomer concentration from 7 
wt% to 10 wt%.  At the same time, when the monomer concentration is equal to, or 
less than, 10% of the total weight, the amount of coagulum was no more than 1% of 
the initial monomer weight and the conversion was higher than 90%. If the monomer 
concentration was increased to 12%, the coagulum becomes large (~33%) and the 
conversion decreased sharply to below 80%. This phenomenon also indicated that 
when increasing the monomer concentration above the water solubility of 
acrylonitrile, a higher amount of coagulum was formed. Therefore, based on these 
results, it was decided to use an initial monomer concentration of 7% for the 
following experiments.  
       To optimize the recipe for preparing smaller PAN latex particles, a series of 
experiments were carried out by varying the surfactant concentration while keeping 
the monomer concentration and other parameters constant. The particle size, PDI, 
coagulum amount, and conversion of each sample were obtained and are shown in 
Table 3.8 and Figure 3.6. 
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Table 3.8: Miniemulsion Polymerization of AN with V59 as Initiator for Different 
SDS Concentrations 
SDS Conc (wt%)  Coagulum (wt%) Conversion (%) 
10 0.39 92.05 
20 0.49 94.36 
35 0.90 94.86 
50 0.79 95.98 
 
 
 
Figure 3.6: Particle size and PDI of PAN latex as a function of SDS surfactant 
concentration. 
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       Figure 3.6 shows that when increasing the surfactant concentration from 10 
mM to 50 mM, the particle size decreased from 180 nm to a minimum value of 140 
nm at a SDS concentration of 20 mM. Further increasing the surfactant concentration 
from 20 mM to 50 mM resulted in a gradual increase of particle size to 230 nm for 
the highest SDS concentration. The mechanism explains why the particle size 
decreased initially with increasing the SDS concentration is still unclear. However 
similar phenomenon was observed and reported by Boguslavsky et al. who 
polymerized PAN particles by a conventional emulsion polymerization method at a 
AN and SDS concentration of 5% and 1%(w/v), respectively. 6  As a result, a 
polymerization surfactant concentration of 20 mM is chosen to prepare Pt-containing 
PAN particles and the recipe is shown in Table 3.2. The coagulum and conversion of 
PAN particles that contain Pt salt are 0.8% and 99.4%, respectively. Transmission 
Electronic Microscope (TEM) was then used to determine whether the platinum was 
incorporated into the PAN particles or not. Figure 3.7 shows the TEM image of PAN 
particles that prepared by miniemulsion polymerization. The result of elemental 
analysis performed by Energy Dispersion Spectrometer (EDS) associated with TEM 
was also shown in Figure 3.7.  
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(a) 
 
(b) 
Figure 3.7: (a) TEM image, and (b) EDS analysis of PAN particles that were 
prepared by miniemulsion polymerization (7 wt% AN, 20 mM SDS).  
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       Based on the EDS analysis result, if Pt exists within the PAN particles, the Kα 
and Lα X-ray emission line for Pt should be observed at 2.048 keV and 9.440 keV, 
respectively. The EDS results indicated that platinum was not incorporated in PAN 
particles since no lines were found at those two positions. The low solubility of Pt salt 
in AN-saturated DI water is the main reason why Pt salt cannot be encapsulated when 
using KPS as the initiator and the initial monomer concentration is lower than the 
water solubility, similar to the case for dispersion polymerization of AN as discussed 
earlier. 
 
3.3.3 Miniemulsion Polymerization of AN using V70 as Initiator 
 
            In the previous section, miniemulsion polymerizations of PAN using V59 or 
KPS as initiator were carried out based on the recipe listed in Table 3.1. The PAN 
latex particles prepared using V59 had a low conversion (~ 75 %) and a coagulum 
level at 18 wt%. Thus KPS was used as initiator to encapsulate Pt salt. However, Pt 
salt cannot be incorporated into the PAN particles due to the low solubility of Pt salt 
in AN-saturated DI water, although there was no coagulum and the conversion is 
above 95 %. Thus, a series of experiments using the new initiator V70 with increasing 
monomer concentrations back to 20 wt% was carried out in a 4-neck flask using the 
recipe listed in Table 3.1. The conversion and particles size of PAN particles as a 
function of time were measured and are shown in Figure 3.8. 
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Figure 3.8: (a) Conversion, and (b) particle size versus reaction time of PAN latex 
particles prepared by miniemulsion polymerization using V70 as the initiator. 
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       Figure 3.8(a) shows that the conversion became constant at 90% after 2 hours 
polymerization at 55 °C. The PAN latex particles prepared using V70 had a higher 
conversion when compared to the PAN particles prepared using V59 as the initiator. 
Moreover, there was less than 1% coagulum obtained using V70 as initiator. The 
chemical structure of V59 and V70 are shown in Figure 3.9. 
       It could be found from Figure 3.9 that V70 is more hydrophilic compared to 
V59 because of the existence of the oxygen group in the V70 structure. As a result, 
V70 can release free radicals in both the aqueous and oil phases, which could be one 
possible explanation for the large difference in the amounts of coagulum. Besides, it 
can be seen in Figure 3.8(b) that the particle size increased sharply at the beginning of 
the reaction which is indication of some instability that occurred during the reaction. 
After 30 mins of polymerization, the particle size was a constant at 230 nm to the end 
of the reaction. Because smaller PAN particles are desirable for generating higher 
surface area as the carbon support for Pt catalyst, a series of experiments focusing on 
varying the initiator concentration, surfactant concentration, and costablizer 
concentration was carried out in order to decrease the particle size. 
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Figure 3.9: Chemical structure of V59 and V70 initiators. 
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       The recipe variations used for the synthesis of PAN particles via 
miniemulsion polymerization using V70 as the initiator are listed in Table 3.9. The 
particle size, PDI , and conversion of PAN particles are listed in Table 3.10. 
Table 3.9: Recipe Variations for Miniemulsion Polymerization of AN 
 V70 SDS HD Sonification Time 
1
 
PAN-V70-1 1 mM 20 mM 4 wt % 4 mins 
PAN-V70-2 2 mM 20 mM 4 wt % 4 mins 
PAN-V70-3 2 mM 30 mM 4 wt % 4 mins 
PAN-V70-4 2 mM 20 mM 8 wt % 4 mins 
PAN-V70-5 2 mM 20 mM 8 wt % 2 mins 
PAN-V70-6 2 mM 20 mM 8 wt % 8 mins 
1 8 output power, 50% duty cycle 
 
Table 3.10: Particle size, PDI, and Conversion of PAN Particles Prepared by 
Miniemulsion Polymerization using V70 
 Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) Conversion (%) 
PAN-V70-1 252.6 262.1 136.6 1.92 82.9 
PAN-V70-2 257.5 257.8 218.2 1.18 83.5 
PAN-V70-3 200.7 226.6 110.1 2.06 83.8 
PAN-V70-4 202.2 228.1 115.5 1.97 89.2 
PAN-V70-5 170.0 193.4 123.2 1.57 84.8 
PAN-V70-6 Totally Coagulated 
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       It can be found from Table 3.10 that the initiator concentration did not play an 
important role in regulating the particle size of the PAN latex particles. However, 
increasing the costablizer concentration resulted in a decrease in the particle size 
when other parameters were held constant. The highest conversion was obtained from 
the sample with the shortest sonification time. This may indicate that 2 minutes of 
sonification is long enough to generate stable monomer droplets when the total 
sample size is 50 mL. A SEM image of PAN particles prepared by miniemulsion 
polymerization is shown in Figure 3.10. It can be seen that the particle size is around 
150 nm and the particles are pretty uniform. 
 
 
Figure 3.10: SEM images of PAN particles prepared using V70 initiator, magnified 
at: (a) 15 kx, and (b) 35 kx. 
 
       Based on the previous results, PAN particles with a particle size of around 200 
nm, a high conversion, and a low amount of coagulum can be prepared via 
miniemulsion polymerization using V70 as the initiator. This is, therefore, a possible 
a b 
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way to incorporate the Pt salt into the PAN particles. The recipe for preparing Pt-
containing PAN particles via miniemulsion polymerization is shown in Table 3.3. 
The schematic representation of the new approach is shown in Figure 3.1. Because Pt 
salt can totally be dissolved in AN monomer, the oil phase was obtained by first 
dissolving Pt salt, HD and V70 into AN monomer. The surfactant was then dissolved 
in DI water to form the aqueous phase. After mixing the aqueous phase with the oil 
phase using a magnetic stirring bar for 5 minutes, the mixture was sonified using a 
Branson Sonifier at power level 8, duty cycle 50% for 2 mins. Ideally, the Pt salt will 
be dissolved only in the AN monomer droplets at this stage. The miniemulsion 
polymerization was then carried out by bottle polymerization at 55 ºC for 4 hrs to 
complete the reaction. A TEM image and the EDS elemental analysis of the Pt-
containing PAN latex particles obtained by miniemulsion polymerization are shown 
in Figure 3.11. 
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(a) 
 
(b) 
Figure 3.11: (a) TEM image of Pt-containing PAN particles prepared by 
miniemulsion polymerization, and (b) Energy Dispersive Spectrum of the resulting 
Pt-containing PAN particles. 
Pt Lα 
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       It can be seen from Figure 3.11 (a) that the surface of the PAN particles is 
neither smooth nor spherical because each polymer chain crystalizes and precipitates 
within the minidroplets during the polymerization process and as a result the PAN 
particles appears more as an aggregate of simple polymer nanocrystals than as 
traditional latex particles. From Figure 3.11 (b), it can be seen that a small peak is 
present at 9.443 keV which represents the platinum incorporated in the PAN particles. 
In order to increase the Pt content in the PAN particles, a higher concentration of the 
Pt salt in the PAN latex particles was introduced by increasing the amount of Pt salt 
while decreasing the initial monomer amount.  
       A series of experiments to synthesize the PAN particles by decreasing the 
total miniemulsion amount from 50 mL to 25 mL was then carried out and the recipe 
is shown in Table 3.11. The particle size, PDI, and conversion of PAN particles are 
listed in Table 3.12. 
Table 3.11: Recipe for Miniemulsion Polymerization of AN on a 25 mL scale 
 V70  SDS HD Sonification Time 
1
 
PAN-V70-25-1 2 mM 20 mM 2 wt % 2 mins 
PAN-V70-25-2 2 mM 20 mM 4 wt % 2 mins 
PAN-V70-25-3 2 mM 20 mM 6 wt % 2 mins 
PAN-V70-25-4 2 mM 20 mM 8 wt % 2 mins 
PAN-V70-25-5 2 mM 20 mM 4 wt % 1 min 
PAN-V70-25-6 2 mM 20 mM 4 wt % 30 secs 
1 8 output power, 50% duty cycle 
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Table 3.12: Particle size, PDI, and Conversion of PAN Particles Prepared by 
Miniemulsion Polymerization at 25 mL Sample Scale 
 Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) 
Conversion 
(%) 
PAN-V70-25-1 225.5 148.2 47.5 4.78 89.5 
PAN-V70-25-2 232.1 213.2 133.6 1.74 90.3 
PAN-V70-25-3 226.2 201.4 120.1 1.88 91.8 
PAN-V70-25-4 230 208.1 123.9 1.86 90.7 
PAN-V70-25-5 199.1 97.7 33.8 5.89 90.6 
PAN-V70-25-6 160.6 95.3 43.5 3.69 87.5 
 
       It can be found from Table 3.12 that by increasing the costablizer 
concentration from 2 wt% to 8 wt%, the particle size remained constant and the 
conversion varied from 89.5% to 91.8%. For all samples, the large values of PDI 
indicate that the PAN latex particles prepared in this way are not uniform in size. In 
order to discover the reason for the non-uniformity of these prepared PAN particles, a 
solubility test of HD in AN was carried out. The results are shown in Table 3.13. 
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Table 3.13: Solubility Test of HD in AN 
 Observation 
1 wt% of HD Fully dissolved after 1 minute mixing 
2 wt% of HD Fully dissolved after 1 minute mixing 
3 wt% of HD Fully dissolved after 2 minute mixing 
4 wt% of HD Fully dissolved after 2 minute mixing 
5 wt% of HD Fully dissolved after 2 minute mixing 
6 wt% of HD Fully dissolved after 2 minute mixing 
7 wt% of HD Did not dissolved after 24 hrs mixing 
 
       It was found that the HD could not be fully dissolved in AN when the HD 
concentration was above 6 wt%. Thus, when increasing the HD concentration to 6 wt% 
or 8 wt%, the PDI became even larger, which can also be observed from the TEM 
images shown in Figure 3.12. 
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Figure 3.12: TEM images of PAN particles prepared by miniemulsion polymerization 
at a 25 mL scale: (a) 2 wt% HD, (b) 4 wt% HD, (c) 6 wt% HD, and (d) 8 wt% HD .  
 
 
a b 
c d 
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       Based on the results shown in Figure 3.12, a costabilizer concentration of 4 wt% 
was used in the following experiments. It could be seen from Table 3.12 that the PAN 
particle size increased with increasing sonification time. This may indicate that 30 
seconds sonification time is the optimum time needed to prepare the smallest PAN 
latex particles. TEM images of PAN particles prepared at varying sonification times 
are shown in Figure 3.13, where it can be seen that the PAN particles prepared using 
30 seconds sonification exhibit the most uniform particle size. 
 
 
Figure 3.13: TEM images of PAN particles prepared by miniemulsion polymerization 
sonified for: (a) 2 mins, (b) 1 min, and (c) 30 secs. 
 
            Although the PAN particles prepared at 30 seconds sonification time had the 
smallest particle size and narrowest size distribution, a coagulum level of 27 wt % 
was found. Thus, in order to reduce the coagulum amount, a set of experiments was 
carried out varying the initiator concentration; the recipe is shown in Table 3.14. The 
conversion and the amount of coagulum as a function of V70 initiator concentration 
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are shown in Figure 3.14. The reactions were carried out in a 25 mL bottle at 55 °C 
for 4 hrs with the same procedure described previously in the experimental section. 
 
 
Table 3.14: Recipe used for Preparing PAN Particles by Varying the V70 
Concentration 
 AN (g) DI water (g) SDS (mM) V70 (mM) 
PAN-I-1 5 20 20 1 
PAN-I-2 5 20 20 2 
PAN-I-3 5 20 20 4 
PAN-I-4 5 20 20 8 
 
 
Figure 3.14: Conversion and the amount of coagulum of PAN particles prepared at 
various V70 concentrations. 
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       It can be seen from Figure 3.14 that the conversion of PAN particles are all 
above 95 % when varying the initiator amount from 1 mM to 8 mM. However, the 
amount of coagulum decreased slightly from 27 wt% to 16 wt% with increasing 
initiator concentration. This may indicate that 1 mM of V70 is a high enough 
concentration to achieve complete conversion of AN monomers after 4 hrs of reaction 
at 55 °C. Further increasing the initiator concentration will not increase the 
conversion of AN monomers, and had little effect on decreasing the amount of 
coagulum. This may also indicate that the rapid reaction rate is not the main reason 
for generating the large amounts of coagulum. Therefore, the cause of the coagulum 
formation could be attributed to poor stabilization of the monomer droplets or 
polymer particles by surfactant or costabilizer. Another type of surfactant was then 
tried in the following experiments. 
       Triton X-100, a nonionic surfactant, which has a hydrophilic-lipophilic 
balance (HLB) of 13.5 was evaluated as a cosurfactant along with SDS. 
The hydrophilic-lipophilic balance of a surfactant is a measure of the degree to which 
it is hydrophilic or lipophilic, determined by calculating values for the different 
regions of the molecule, as described by Griffin.7 Figure 3.15 shows the chemical 
structure of Triton X-100. Unfortunately, all samples prepared by varying the ratio 
between Triton X-100 and SDS were coagulated after polymerization at 55 °C for 4 
hrs. The reason for this is still unknown. Another nonionic surfactant with a lower 
HLB value, Triton X-45 (HLB = 7.8) was tried in the next set of experiments. 
However, after 4 hrs reaction, all samples were also coagulated.  These results 
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indicated that a combination of Triton X-100 or Triton X-45 and SDS could not 
improve the stabilization of AN miniemulsion either. 
 
 
Figure 3.15: Chemical structure of Triton X-100. 
 
       Meanwhile, another type of costabilizer, cetyl alcohol, was used to prepare the 
PAN particles in an attempt to reduce the amount of coagulum. However the results 
obtained showed that with 4 wt% (based on monomer) of cetyl alcohol used in the 
miniemulsion, there was still 15% coagulum present in the polymerized latex. 
Compared to the PAN particles prepared using hexadecane as the costabilizer, it was 
found that the amounts of coagulum formed for these two samples were similar and 
were all below 30 wt%. Since AN has a water solubility of 7 % and the initial 
monomer concentration is 20 wt% based on the total amount of the miniemulsion, the 
generation of coagulum is probably due to the high water solubility of AN in the 
aqueous phase. During the polymerization process, the partitioning of SDS between 
the surface of small nuclei and the micelle may cause instability in some area and the 
PAN particles formed in the aqueous phase were not stable enough and water soluble 
polymer particles were formed which caused the flocculation of polymer particles. 
Therefore, if the solubility of AN monomer in the aqueous phase can be decreased, 
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then the amount of coagulum could be decreased at the same time. Therefore, toluene 
was introduced to help decrease the water solubility of AN as well as trying to reduce 
the amount of coagulum. 
 
3.3.4 Miniemulsion Polymerization of AN in the Presence of Toluene 
       In the previous section, miniemulsion polymerizations of PAN using V70 as 
initiator were carried out based on the recipe listed in Table 3.1. The PAN latex 
particles prepared using V70 had a higher conversion (~ 90 %) when compared to the 
PAN particles prepared using V59 as the initiator. Moreover, there was less than 1% 
coagulum obtained using V70 as initiator. However, a coagulum level around 20 wt% 
was found for every sample when the total miniemulsion amount was decreased to 
the 25 mL reaction scale in order to reduce the cost of the expensive Pt salt. Thus, a 
series of experiments focused on lowering the amount of coagulum was carried out. 
       It is known that toluene has a low water solubility of 0.47 g/L8 and both Pt salt 
and AN monomer can be fully dissolved in it. Thus a series of experiments varying 
the AN/Toluene ratio were carried out and the recipes are listed in Table 3.15. 
            The particle size and PDI were measured and are listed in Table 3.16. Figure 
3.16 shows the conversion and the amount of coagulum as a function of AN/Toluene 
ratio. 
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Table 3.15: Recipe for Preparing PAN Particles by Varying the AN/Toluene Ratio 
Sample AN /Toluene  DI water (g) V70 (mM) SDS (mM) 
PAN-T-1 50/50 40 1 20 
PAN-T-2 60/40 40 1 20 
PAN-T-3 70/30 40 1 20 
PAN-T-4 80/20 40 1 20 
PAN-T-5 90/10 40 1 20 
PAN-T-6 92.5/7.5 40 1 20 
PAN-T-7 95/5 40 1 20 
PAN-T-8 97.5/2.5 40 1 20 
Reaction 
Condition 
55°C, 4 hrs 
  
Table 3.16: Particle Size and PDI of PAN Particles Prepared by Varying the 
Monomer/Solvent Ratio 
Sample Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) AN/Toluene 
PAN-T-1 120.5 75.7 43.2 2.79 5:5 
PAN-T-2 160.2 121.1 77.8 3.94 6:4 
PAN-T-3 190.3 154.1 95.9 2.06 7:3 
PAN-T-4 216.9 185.1 105.6 1.98 8:2 
PAN-T-5 246.6 237.6 159.8 2.05 9:1 
PAN-T-6 274.0 277.6 255.2 1.54 9.25:0.75 
PAN-T-7 279.7 291.1 285.7 1.07 9.5:0.5 
PAN-T-8 275.6 276 274.4 1.01 9.75:0.25 
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Figure 3.16: Conversion and amount of coagulum of PAN particles prepared at 
different AN/Toluene ratios. 
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       It can be seen in Table 3.16 that the particle size increased gradually from 120 
nm to 247 nm when increasing the AN/Toluene ratio from 5:5 to 9:1. This is caused 
by the increased solids content when greater amounts of AN was present in the 
miniemulsion, and as a result, PAN particles with larger size were obtained when 
using the same amount of initiator and surfactant. Further increasing the AN/Toluene 
ratio did not change the particle size significantly based on the data shown in Table 
3.16. However, from Figure 3.16, it can be found that when the AN/Toluene ratio was 
increased from 5:5 to 9:1 (AN concentration from 10 to 18 wt%), the conversions 
were all above 95 wt% and the amount of coagulum were all below 1 wt%. However, 
further increasing the AN/Toluene ratio from 9:1 to 9.75:0.25, the amount of 
coagulum increased from 0.5 wt% to 3.7 wt%, although the conversions were still 
above 99 %. Figure 3.17 shows the TEM images of PAN-T-1 through PAN-T-5. 
       Toluene was removed from the latex after polymerization by rotary 
evaporation in a reduced pressure atmosphere at 50 °C. To confirm this, the 
absorbance of Toluene saturated DI water and the distillate from PAN latex after 1 hr 
of rotary evaporation was measured by UV spectroscopy and the results are shown in 
Figure 3.18. 
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Figure 3.17: TEM images of PAN particles prepared by: (a) AN/Toluene = 5:5, (b 
AN/Toluene = 6:4, (c) AN/Toluene = 7:3, (d) AN/Toluene = 8:2, and (e) AN/Toluene 
= 9:1.  
a b 
c d 
e 
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Figure 3.18: UV measurement of: (a) Toluene-saturated DI water, and (b) Distillate 
of PAN latex prepared by AN/Toluene after 1 hr of rotary evaporation at 50 °C; 
Reference: DI water. 
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       It can be seen from Figure 3.18 that after 1 hr of rotary evaporation at 50 °C, 
the absorption peak of toluene disappeared, which indicates that the toluene was fully 
removed. Based on these experimental results, PAN-T-3 was chosen as the next 
recipe for the incorporation of Pt salt into PAN particles, because among all the 
samples obtained without coagulum, PAN-T-3 had the narrowest PDI and the particle 
size is comparably smaller compared to other samples in the same series, which can 
increase the surface area and would favor the embedding of Pt particles during the 
pyrolyzation process. Thus, synthesis of Pt-containing PAN particles via 
miniemulsion polymerization in the presence of toluene was carried out and the 
recipe is shown in Table 3.17.  
Table 3.17: Recipe for Preparation of Pt-containing PAN Particles via Miniemulsion 
Polymerization in the Presence of Toluene 
Ingredient Weight (g) Comment 
Monomer Acrylonitrile (AN) 3.5 70 wt% based on oil 
Solvent Toluene 1.5 30 wt% based on oil 
Pt Salt 
Platinum (II) 
acetylacetonate 
(Pt(acac)2 
0.1 2 wt% based on total 
Medium Deionized water 20 80 wt% based on total 
Initiator V59/V70 0.015 
2 mM based on the aqueous 
phase 
Surfactant 
Sodium Dodecyl Sulfate 
(SDS) 
0.145 
20 mM based on the 
aqueous phase 
Costabilizer Hexadecane (HD) 0.2 4 wt% based on monomer 
Polymerization Conditions 55 ºC, 4 hrs 
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       The particle size of Pt-containing PAN particles is 170 nm as measured by 
Dynamic Light Scattering and the conversion is 94 % with a coagulum level of 0.28 
wt%. In order to prove that the Pt salt was successfully incorporated in the PAN 
particles, TEM images were taken and the samples were analysed by EDS. These 
results are shown in Figure 3.19. 
            It can be seen from Figure 3.19 that the particle size is around 150 nm which 
is smaller than the DLS result. This is possibly caused by loss of water during the 
drying process when preparing the TEM samples. The EDS analysis shown in Figure 
3.19(e) indicates that there were no Pt peaks present at 2.05 keV or 9.44 keV. In order 
to double check whether Pt salt has been incorporated within PAN particles or not, 
another elemental analysis using SEM was carried out and the results are shown in 
Figure 3.20.  
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Figure 3.19: TEM images of Pt-containing PAN particles magnified at: (a) 60 Kx, (b) 
120 Kx, (c) 200 Kx, (d) 500 Kx, and (e) Elemental analysis (EDS) of PAN particles. 
 
c d 
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Figure 3.20: SEM image of Pt-containing PAN particles taken by: (a) Secondary 
Electron (SE) beams, (b) Back Scattering Electron (BSE) Beams, and (c) EDS 
analysis at the same position. 
 
 
Pt Lα Pt Mα 
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       Secondary Electron (SE) imaging most closely approximates what would be 
seen using a conventional light microscope. It is most sensitive to topography and 
fine detail, while images tends to suppress the topography contrast and enhance 
composition contrast under backscatter electron (BSE) mode. As a result, particles 
with higher Z (elemental sequence) will be brighter in the BSE image. Thus, particles 
that contain Pt should be much brighter than particles without Pt according to the 
huge Z contrast between Pt (78) and C (6). However, from Figure 3.20 (c) it can be 
seen that the elemental analysis of the brighter particles shows no Pt peak in the graph 
which indicates that no Pt was incorporated in the PAN particles. One possible 
explanation for this observation is that the Pt salt remained in the toluene after 
polymerization. This is because PAN particles will crystallize during the 
polymerization and the Pt salt will no longer be dissolved in the monomer phase 
during this phase separation process. In addition, during the drying process, the Pt salt 
will be deposited on the surface of the TEM copper grid after the evaporation of 
toluene. Thus, a set of experiments was carried out by introducing the styrene as the 
comonomer which will be discussed in the next section.  
 
3.3.5 Miniemulsion Copolymerization of AN and Styrene 
       In the previous section, toluene was introduced to help decrease the water 
solubility of AN as well as reduce the amount of coagulum. However, elemental 
analysis shown that there were no Pt peaks present at 2.04 keV or 9.44 keV which 
indicated that Pt was not incorporated into PAN particles after using toluene as the 
solvent. One possible explanation for this observation is that the Pt salt remained in 
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the toluene after polymerization and during the drying process the Pt salt will be 
deposited on the surface of the TEM copper grid instead of on top of the PAN 
nanoparticles. Thus, a set of experiments was carried out by introducing the styrene 
as the comonomer in order to keep decreasing the water solubility of AN and 
encapsulate Pt salt into the copolymer particles at the same time and the recipe is 
shown in Table 3.2. In order to find out the best conditions needed to prepare 
PAN/PS particles with smaller particle size as well as narrower particle size 
distribution, a series of experiments varying the ratio between AN/Styrene was 
carried out. The conversion and the amount of coagulum as a function of different 
AN/Styrene ratios were measured and the results are listed in Table 3.18.  
 
Table 3.18: Conversion and the Amount of Coagulum as a Function of AN/Styrene 
Ratio 
PAN/PS Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) 
Conversion 
(%) 
100/0  199  98 34 5.89 
96.4  
90/10  171 149 116 1.48 88.6  
80/20  136 121 104 1.30 90.8  
70/30  138 125 104 1.60 89.5  
60/40  146 106 71 2.07 89.1  
50/50  184 161 125 1.47 89.1  
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       It can be seen from Table 3.18 that the conversion of PAN particles are all 
above 88 % when increasing the styrene concentration from 0 to 50 % in oil. 
Furthermore, the particle size and PDI all decrease initially as the styrene 
concentration was increased from 0 to 20 % and then increased when further 
increasing the styrene concentration from 20 to 50 %. This may indicate that the 
particle size distribution became narrower when increasing the content of styrene. 
The same trend can also be found in TEM images which are shown in Figure 3.21.  
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Figure 3.21: TEM images of PAN/PS particles prepared at different PAN/PS ratios. 
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       The composition of the final PAN/PS latex particles can be determined by 
calculating the copolymerization reactivity ratios via (1) given below: 
                                                     
   
   
  
            
            
                                   (1) 
Where m1 = the moles of monomer 1 entering the copolymer, m2 = the moles of 
monomer 2 entering the copolymer, M1 = the moles of monomer 1 in the monomer 
mixture, M2 = the moles of monomer 2 in the monomer mixture, and r1 and r2 are the 
monomer reactivity ratios. 9  
 
       At 55 °C, the reactivity ratio for AN and styrene are 0.04 and 0.38, 
respectively. Thus, when varying the AN/Styrene ratio, based on equation (1), the 
copolymer composition could be calculated and the results are listed in Table 3.19. 
 
 Table 3.19: Conversion and the Amount of Coagulum as a Function of AN/Styrene 
Ratio 
 
PAN/PS 
90/10 80/20 70/30 60/40 
   
   
 1.30 0.95 0.94 0.85  
  
       This indicates that at the beginning of the polymerization process, the reaction 
rate for PS and PAN are nearly the same when the PAN/PS ratio is equal to 80/20 or 
70/30. After all the styrene monomer consumed, the AN monomers will grow on the 
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outer layer of PAN/PS particles. The transition of the particle structure of PAN/PS 
particles with different ratios could also be confirmed by Wide Angle X-ray 
Diffraction measurements, and the result is shown in Figure 3.22. 
            It can be observed from Figure 3.22 that the height of the peak at 17° between 
the two dashed lines which represent the crystallinity of PAN particles decreased with 
increasing the styrene concentration. The shift of the peak from 17° to 21° also 
indicates that the crystalline structure of PAN/PS changed when increasing the 
styrene content from 10 % to 50 %. The peak at 17° nearly disappeared when the 
styrene concentration was increased to 50 %, also indicating the successful 
incorporation of PS particles into PAN particles after miniemulsion copolymerization. 
       The PAN/PS ratio after the miniemulsion copolymerization was measured by 
NMR and the results are shown in Figure 3.23. Table 3.20 shows the calculation 
result of the sum of the integration for PAN and PS functional groups. It could be 
found that the PAN:PS value obtained from NMR analysis is very close to the 
original PAN/PS ratio, which indicated a successful copolymerization of PAN/PS 
latex particles. 
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 Table 3.20: Conversion and the Amount of Coagulum as a Function of AN/Styrene 
Ratio 
PAN/PS 
Sum of Integration 
PAN PS PAN:PS 
9:1 3.4032 0.3776 9.0  
8:2 3.5091 0.96 3.7 
7:3 3.8565 1.6141 2.3 
6:4 3.7100 2.3046 1.6 
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Figure 3.22: X-ray Diffraction Measurements (XRD) of PAN/PS particles with 
different PAN/PS ratios. 
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Figure 3.23: H
1
-NMR images of PAN/PS particles: (a) PAN/PS =9:1, (b) PAN/PS 
=8:2, (c) PAN/PS =7:3, and (d) PAN/PS =6:4. 
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       Table 3.4 shows the recipe used to prepare Pt-containing PAN/PS particles via 
miniemulsion polymerization. The number of Pt molecules in each PAN/PS 
copolymer particles can be calculated by equation (2)                                                   
                                                                   
    
     
                                                  (2) 
where MT = initial monomer concentration, x = ultimate monomer conversion,  P = 
copolymer density, and dW = volume average diameter of polymer particles 
determined by DLS.  
 
For Pt salt molecules:  
                                                  
   
  
                                                 (3) 
For PAN/PS particles:  
                                                   
    
     
            
                                      (4) 
 
Thus, theoretically each PAN/PS particle should contain 10,000 Pt molecules based 
on the above calculation. TEM images and elemental analysis of Pt-containing 
PAN/PS latex particles before and after cleaning by serum replacement are shown in 
Figure 3.24. 
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Figure 3.24: TEM images of Pt-containing PAN/PS particles: (a) before serum 
replacement cleaning process at 100 Kx, (b) 200 Kx, (c) elemental analysis, and (d) 
d 
b 
f 
a 
e 
c 
119 
 
after the cleaning processwas complete at 100 Kx, (e) 200 Kx, and (f) Elemental 
analysis by EDS. 
        It can be seen from Figure 3.24 that the particle size is around 150 nm which 
is smaller than that observed by DLS. This is possibly caused by loss of water during 
the drying process when preparing the TEM samples. It can be seen in Figure 3.24 (c) 
and 3.24 (f) that the Pt Lα emission peak and the Mα emission peak were found both 
before and after the cleaning process which indicates that Pt salts are successfully 
incorporated into the PAN/PS copolymer particles. However, elemental analysis 
using EDS can only provide qualitative information on the incorporation of Pt into 
PAN/PS particles. Quantitative data on how much Pt is present in the PAN/PS 
particles could be obtained by Induction Coupled Plasma (ICP) analysis. A 
calibration curve of Pt concentration in the aqueous phase was first created and is 
shown in Figure 3.25. 
        The percentage of Pt salt that was incorporated into PAN/PS latex particles 
was obtained by measuring the Pt concentration in the serum of PAN/PS latex by ICP. 
The serum from PAN/PS latex was collected by filtering the PAN/PS latex through a 
200 nm membrane using a serum replacement cell. This result indicates that only 1.3 
wt% of the Pt salts are dispersed in the serum. Thus 98.7 wt% of Pt salts are 
encapsulated into the PAN/PS copolymer particles when the PAN/PS ratio is equal to 
8:2. 
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Figure 3.25: Calibration curve of different Pt concentrations in the aqueous phase 
measured by ICP. 
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       Meanwhile, the encapsulation of Pt salt into PAN/PS nanoparticles was 
carried out and was focused on increasing the encapsulation content of Pt salt by 
varying the PAN/PS ratio.The particle size and conversion of Pt-containing PAN/PS 
nanocomposite particles for different PAN/PS ratios were measured, and are listed in 
Table 3.21. It can be seen from Table 3.21 that the particle size decreased as the 
styrene concentration was increased from 10 to 40 %. This may indicate that the 
particle size distribution became narrower when increasing the content of styrene. 
Furthermore, the conversions of PAN/PS particles are all above 90 % when 
increasing the styrene concentration from 10 to 40 % in oil. The same trend can also 
be found in TEM images which are shown in Figure 3.26.  
 
Table 3.21: Particle size and Conversion as a Function of AN/Styrene Ratio 
PAN/PS Dw (nm) Dv (nm) Dn (nm) PDI (Dw / Dn) 
Conversion 
(%) 
100/0  199  98 34 5.89 
96.4  
90/10  171 149 116 1.48 88.6  
80/20  136 121 104 1.30 90.8  
70/30  138 125 104 1.60 89.5  
60/40  146 106 71 2.07 89.1  
50/50  184 161 125 1.47 89.1  
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Figure 3.26: TEM images and elemental analysis of Pt salt/PAN/PS particles when 
the PAN/PS ratio is equal to: (a) 9:1, (b) 8:2, (c) 7:3, and (d) 6:4. 
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       It can be seen from Figure 3.26 that the particle size decreased as the styrene 
content was increased in the comonomer mixture. Furthermore, many small particles 
could be observed in Figure 3.26 (a), and with an increase in the styrene composition, 
fewer small particles were observed. The possible reason for this phenomenon is the 
homogeneous nucleation of PAN particles. As the acrylonitrile concentration in the 
monomer mixture was decreased, the percentage of homogeneous nucleation will 
decrease, and as a result, less small particles will be present in the final latex. The 
encapsulation content of Pt salt as a function of AN/Styrene ratio were examined by 
TGA and the results are listed in Table 3.22.  
 
Table 3.22: Pt salt Encapsulation Content as a Function of AN/Styrene Ratio 
PAN/PS Encapsulation Percentage (%) 
90/10 90.0 ± 4.1 
80/20 98.7 ± 1.2 
70/30 90.9 ± 5.1 
60/40 96.1± 3.7 
 
 It can be seen from Table 3.22 that the encapsulation percentages of Pt salt are all 
above 90% for different PAN/PS ratios, although there is no obvious trend on which 
ratio gives the maximum encapsulation content of Pt salt. This may indicate that the 
composition of PAN/PS copolymer does not play an important role in regulating the 
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encapsulation concentration of Pt salt during the miniemulsion polymerization 
process. 
 
3.4 CONCLUSIONS 
 
       Miniemulsion technology offers many possible applications such as 
encapsulation of inorganic particles, oils, and polymers. Pt-containing PAN particles 
were then prepared via miniemulsion polymerization using 2, 2’-azobis(2-
methylbutyronitrile) (V59) as initiator. However, a large amount of coagulum was 
formed after polymerization due to the high water solubility of acrylonitrile (AN). 
Because the majority of the free radicals released by V59 are in the monomer droplet, 
a certain percentage of the already dissolved monomer cannot polymerize in the 
aqueous phase. As a result, a large amount of coagulum was generated. Therefore, a 
water-soluble initiator, KPS, was used to polymerize AN via miniemulsion 
polymerization. It was found that there was no coagulum and the conversion was 
above 95 % after polymerization when using KPS as the initiator. Therefore, the Pt-
containing PAN particles were synthesized in this way. However, elemental analysis 
indicated that platinum was not incorporated in PAN particles due to the low 
solubility of Pt salt in AN-saturated DI water for the same reasons as discussed 
previously in the dispersion polymerization of Pt-containing PAN particles. 
       Another oil-soluble initiator, 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) 
(V70), was then used to prepare PAN particles via miniemulsion polymerization. The 
generation of coagulum is still the biggest issue which is probably due to the high 
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water solubility of AN in the aqueous phase. Therefore, toluene was introduced to 
help decrease the water solubility of AN as well as attempt to reduce the amount of 
coagulum. Although no coagulum was found after introducing toluene into the system, 
Pt salt could not be encapsulated into the PAN particles possibly because the PAN 
particles will crystallize during the polymerization and the Pt salt will no longer be 
dissolved in the monomer phase during this phase separation process. As a result, the 
Pt salt remained in the toluene after polymerization. 
       Thus, styrene was used to replace toluene as the second monomer in order to 
further decrease the water solubility of AN and encapsulate Pt salt into the copolymer 
particles at the same time. Experimental results indicated that Pt-containing PAN/PS 
copolymer particles could be successfully synthesized and the quantitative data 
obtained from both ICP and TGA indicated that 98.7 ± 1.2 wt% of the Pt salt was 
encapsulated when the PAN/PS ratio is equal to 8:2.  
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CHAPTER 4 
PYROLYSIS OF PT-CONTAINING PAN/PS NANOCOMPOSITE 
 
4.1     INTRODUCTION 
           Porous carbon materials have been synthesized using various methods, such 
as catalytic activation of carbon precursors using metal salts1, carbonization of 
polymer blends composed of a carbonizable polymer and a pyrolyzable polymer2, and 
carbonization of a polymer aerogel synthesized under supercritical drying conditions.3 
Among them, PAN–based carbon materials have higher thermal stability, greater 
carbon yield (>50% of the original precursor mass) and exposed nitrogen-containing 
groups and thus are widely used as the precursor for high performance carbon fiber 
and other industrial applications including electrode materials for lithium ion batteries, 
gas storage media, catalyst supports, and absorbents.4 
       The thermal degradation of PAN particles has been studied for many years 
since pyrolyzed PAN exhibits excellent mechanical and electronical properties, and is 
now widely used as the precursor for high performance carbon fibers.5,6,7 Pyrolyzation 
of PAN particles at higher temperatures can lead to a higher percentage of carbon in 
the residue as shown in Figure 4.1.8 PAN particles could be reduced to carbon if the 
pyrolysis temperature is further increased above 1200 ºC in an inert atmosphere. In 
addition, platinum(II) acetylacetonate (Pt salt) could be reduced to elemental 
platinum when it is pyrolyzed at 700 ºC and as a result, Pt nanoparticles may be 
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isolated and immobilized in the carbon matrix, and unable to diffuse or coalesce with 
each other after pyrolization.9 
 
 
Figure 4.1:  Elemental composition of solid products from PAN degradation. 10 
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4.2     EXPERIMENTAL 
4.2.1 Materials 
       Acrylonitrile monomer (AN; Acros Organics) was cleaned by removing the 
inhibitor by passing the monomer through an inhibitor-removal column (Sigma-
Aldrich). Styrene monomer (Sigma-Aldrich) was purified via vacuum distillation at 
50 °C and a pressure of 40 mm Hg to remove the inhibitor before use. Methyl 
methacrylate (MMA, Sigma-Aldrich) was purified via vacuum distillation at 50 °C 
and a pressure of 40 mm Hg to remove the inhibitor before use. Monomers were 
refrigerated prior to use. Platinum (II) acetylacetonate (Pt salt, Acros Organics) was 
used as received. 2, 2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70, Wako 
Chemicals)  was used as initiator. Sodium dodecyl sulfate (SDS; MP Biochemicals 
Inc.) and hexadecane (Acros Organics) were used as surfactant and costablizer, 
respectively. Tetraethyl orthosilicate (TEOS, 98%, Aldrich), L-lysine (Sigma-
Aldrich), were used as received. Deionized (DI) water was used for all experiments. 
 
4.2.2 Pt-containing PAN/PS particles Prepared by Miniemulsion 
Copolymerization 
             Miniemulsion copolymerization of AN and Styrene containing Pt salt was 
carried out via a batch (bottle) polymerization process. Because the Pt salt can be 
fully dissolved in AN, initially, Pt salt, costabilizer, and initiator are all dissolved in 
monomer to form the oil phase. Meanwhile, the aqueous phase is formed by adding 
surfactant into DI water. Then the oil phase was slowly added into the aqueous phase 
in a 50 mL beaker while stirring using a magnetic bar. The crude emulsion was then 
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sonified using a sonifier (Bronson W450, Branson Ultrasonics Corp.) at a power level 
of 8 and 50% duty cycle for 2 minutes. The miniemulsion was then transferred into a 
50 mL glass bottle, which was then purged with nitrogen, capped, and sealed. The 
bottles were then placed in a bottle polymerizer unit and tumbled end-over-end at 40 
rpm at 55 °C for 4 hours. The recipe used for the synthesis of the Pt-containing 
PAN/PS particles is listed in Table 4.1.  
 
Table 4.1: Recipe for Miniemulsion Polymerization of Pt-containing PAN/PS 
Particles  
Ingredient Weight (g) Comment 
Acrylonitrile (AN) 4 80 wt% based on oil 
Monomer 
Styrene 1 20 wt% based on oil 
Pt Salt 
Platinum (II) 
acetylacetonate 
(Pt(acac)2) 
0.1 2 wt% based on monomer 
Medium Deionized water 20 80 wt% based on total 
Initiator V70 0.015 
2 mM based on the 
aqueous phase 
Surfactant 
Sodium Dodecyl 
Sulfate (SDS) 0.145 
20 mM based on the 
aqueous phase 
Costabilizer Hexadecane (HD) 0.2 4 wt% based on monomer 
Polymerization Conditions 55 ºC, 4 hrs 
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4.2.3 Emulsion Polymerization of PMMA 
       Emulsion polymerization of MMA using KPS as the thermal initiator was 
carried out in a 50 mL glass bottle. The 50 mL glass bottle was purged with nitrogen, 
capped, sealed and then placed in a bottle polymerizer unit and tumbled end-over-end 
at 40 rpm at 70 ºC under a nitrogen atomosphere. Polymerization was carried out for 
24 hours. The recipe used for the synthesis of the PAN particles is listed in Table 4.2.  
 
Table 4.2: Recipe for Emulsion Polymerization of MMA 
Ingredient Weight (g) Comment 
Monomer Methyl Methacrylate (MMA) 10 g 10 wt% based on total 
Medium DI water 90 g 90 wt% based on total 
NaHCO3 20 mg 
- 
Buffer 
Na2SO4 70 mg 
- 
Surfactant Sodium Dodecyl Sulfate (SDS) 225 mg 
10 mM based on aqueous 
phase 
Initiator Posassium Persulfate (KPS) 240 mg 
2.4 wt% based on 
monomer 
Polymerization Conditions 55 ºC, 4 hrs 
 
4.2.4 Synthesis of SiO2 nanoparticles 
Silica nanoparticle sols were synthesized by hydrolysis of TEOS in aqueous solutions 
of the basic amino acid L-lysine (Sigma-Aldrich). In order to prepare SiO2 
nanoparticles with a size of 20 nm, aqueous solutions of prescribed lysine content 
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were prepared using deionized water and the temperature was increased to 90 ºC, 
after which TEOS was added under magnetic stirring at a constant speed of 800 
r.p.m.. Hydrolysis was carried out under continued magnetic stirring for 24 h. 
Samples were transferred to Teflon-lined stainless-steel autoclaves for the subsequent 
hydrothermal aging without stirring at 100 °C for another 24 hours. The recipe is 
shown in Table 4.3. 
Table 4.3: Recipe for Synthesis of SiO2 nanoparticles 
Ingredient Weight (g) Molar Ratio 
TEOS 21.894  60 
L-lysine 0.315  1.23 
DI water 150 4750 
Conditions 90 ºC, 24 hrs 
 
 
4.2.5 Characterization 
4.2.5.1 Cleaning of Latex 
       The latex was cleaned by serum replacement.11 After diluting the latex to 5% 
solids content in water, the latex was charged into a serum replacement cell, which 
was fitted with a 100 nm pore size membrane. The latex was cleaned by passing 30 to 
40 residence volumes (400 mL) of DI water through the latex. The serum replacement 
process was continued until the conductivity of serum was close to that of deionized 
water (0.35 µΩ·cm-1).  
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4.2.5.2 Pyrolysis of PAN Particles 
       The cleaned PAN latex particles were dried in an aluminum pan at a 
temperature of 90 ºC for 24 hours at first. Then, dried PAN pieces were ground into 
PAN powders using a ceramic molar and pestle. After that, PAN powders were 
pyrolyzed at a heating rate of 5 °C/min under an inert nitrogen atmosphere using a 
Tube Furnace (Type F21135, Barnstead International). For the two-step pyrolysis 
process, the PAN powders was first heated to 275 °C with a heating rate of 5 °C/min 
and held at that point for 1 hour. Then the temperature was increased to 800 °C with a 
heating rate of 5 °C/min and held for another hour. 
 
4.2.5.3 Glass Transition Temperature (Tg) and Melting Point (Tm) 
Measurement 
       The Tg and Tm of PAN particles prepared by miniemulsion polymerization 
were measured using a Differential Scanning Calorimeter (DSC, Hi-Res 2950, TA 
Instruments). The Tg of PAN was obtained with a heating rate of 10 °C/min from 50 
°C to 150 °C. The Tm of PAN was obtained with a heating rate of 10 °C/min from 25 
°C to 400 °C. 
 
4.2.5.4 Residue Weight Percentage Measurement 
       Residue weight percentage of pyrolyzed PAN were obtained by pyrolyzing 
dried PAN particles at a heating rate of 10 °C/min under a nitrogen atmosphere using 
a Thermogravimetric Analyzer (TGA, Hi-Res 2950, TA Instruments).  
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4.2.5.5 Imaging and Elemental Analysis of Pyrolyzed Particles 
       Imaging of pyrolyzed Pt-containing PAN/PS nanocomposites was 
investigated by SEM (Hitachi 4300) and TEM (Phillips 420T, JEOL 2000). Imaging 
of pure Pt nanopaticles was performed by High Resolution TEM (HRTEM) and 
High-Angle Annular Dark-Field STEM (HAADF-STEM) (JEOL 2200). Elemental 
composition of Pt-containing PAN/PS nanocomposite was investigated by Energy-
dispersive X-ray Spectroscopy (EDS, Hitachi 4300, Phillips 420T, JEOL 2000, JEOL 
2200).  
 
4.3     RESULTS AND DISCUSSION 
4.3.1 Pyrolysis of Pt Salt 
       In order to prove that the Pt salt could be reduced to elemental Pt when 
pyrolyzed above 700 °C in an inert atmosphere, the pyrolysis of pure Pt salt was 
carried out using TGA. The weight loss curve as a function of pyrolyzation 
temperature is measured, and is shown in Figure 4.3. 
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Figure 4.3:  Weight loss curve of pyrolyzation of pure Pt salt using TGA. 
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       As can be seen from Figure 4.3, initially the residue weight of pyrolyzed Pt 
salt went through a sharp decrease when increasing the temperature from 240 °C to 
290 °C. However, the residue weight percentage stayed at 48.4 wt% when further 
increasing the pyrolyzation temperature from 290 °C to 800 °C. Since the theoretical 
value of Pt concentration in the Pt salt is 49.6 wt% which is quite close to the residue 
weight value obtained from the TGA result, this may indicate that the Pt salt was fully 
pyrolyzed to Pt nanoparticles. To further confirm this, HRTEM and HAADF-STEM 
images of pyrolyzed Pt salt were taken, and are shown in Figure 4.4. 
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Figure 4.4: Pyrolyzed Pt nanoparticles images taken by: (a)(b) HRTEM, (c)(d) 
HAADF-STEM, and (e) Elemental analysis by EDS. 
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Pt nanoparticles sizes ranging from 5 to 20 nm can be seen in Figure 4.4 (a). Figure 
4.4(b) shows the crystalline structure of Pt nanoparticles. Under higher magnification 
of the Pt nanoparticles, Pt atoms with a size around 0.2 nm were detected and are 
shown in Figure 4.4(c) and 4.4(d). The elemental analysis performed by EDS proved 
that the composition of the nanoparticles is purely Pt. Based on these results, it can be 
concluded that the Pt salt could be reduced to elemental Pt when pyrolyzed above 700 
°C. 
 
4.3.2 One-step Pyrolysis of PAN Latex Particles 
       Initially, The Tg and Tm of PAN particles prepared by miniemulsion 
polymerization were measured using DSC. The results are shown in Figure 4.5. 
            From Figure 4.5(a) it could be found that the Tg of prepared PAN particles is 
105.1 °C. The Tg of PAN particles listed in the literature is 105°C which is quite 
match to the result obtained from the DSC measurement. In addition, the Tm of PAN 
is 303 °C which can be clearly seen from Figure 4.5 (b). In order to determine the 
residue weight of pyrolyzed PAN particles, dried PAN pieces was pyrolyzed at 600 
with the same heating rate of 20 ºC/min using TGA. Weight loss curves of pyrolyzed 
PAN were obtained and are shown in Figure 4.6. 
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Figure 4.5: DSC measurement of PAN: (a) Tg , and (b) Tm. 
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Figure 4.6: PAN pyrolyzation at 600 ºC with a heating rate of 20 ºC /min using TGA. 
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       It could be found from Figure 4.6 that the weight loss of PAN particles began 
at 200 ºC which indicates the starting point for the thermal degradation of PAN. 
When increasing the pyrolyzation temperature from 200 ºC to 310 ºC, which is 
slightly above the melting point of PAN particles, the residue weight percentage 
keeps decreasing gradually from 100 wt% to 95 wt%. However, when further 
increasing the pyrolyzation temperature from 310 ºC to 600 ºC, the residue weight 
percentage decreased at a faster rate and the final residue at 600 ºC is 69.2 wt%.  
Theoretically, if all PAN particles were pyrolyzed into carbon with all other elements 
gone, the residue weight percentage can be calculated based on the chemical structure 
of PAN particles which is shown in Figure 4.7.   
 
 
Figure 4.7: Chemical structure of PAN. 
 
       The calculation used to determine the theoretical residue weight of pyrolyzed 
PAN is shown below: 
 
       Comparing the residue weight obtained at 600 ºC and the theoretical value, it 
is easy to see that the two numbers are close. This may indicate carbonization of the 
PAN particles when pyrolyzed at 600 ºC. However, this is not true. When the 
(1) 
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pyrolyzation temperature increased to 800 ºC, only 48.6 wt% of the residue remained 
which is less than the theoretical value. The residue weight curve for pyrolyzation of 
PAN at 800 ºC can be seen from Figure 4.8. 
 
Figure 4.8: PAN pyrolyzation at 800 ºC with a heating rate of 20 ºC /min using TGA. 
 
       Moreover, pyrolysis of Pt-containing PAN particles under different conditions, 
such as different pyrolyzation temperature, different morphologies of dried PAN 
particles, and various heating rates were carried out according to Table 4.4 shown 
below. The residue weight percentage of each sample was measured by TGA and is 
shown in Figure 4.9. 
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Table 4.4: Pyrolysis of PAN at Various Conditions 
 PAN-600-1 PAN-800-1 PAN-800-2 PAN-800-3 
Morphology Pieces Pieces Powders Powders 
Temperature (ºC) 600 800 800 800 
Heating rate 
(ºC/min) 20 20 20 10 
 
 
Figure 4.9: Pyrolyzation of (a) PAN pieces at 600 ºC with a heating rate of 20 ºC/min, 
(b) PAN pieces at 800 ºC with a heating rate of 20 ºC /min, (c) PAN powders at 800 
ºC with a heating rate of 20 ºC /min, and (d) PAN powders at 800 ºC with a heating 
rate of 10 ºC /min, 
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       PAN powder was obtained by grinding dried PAN pieces using a ceramic 
molar and pestle. It was found that the residue weight percentage of PAN powder is 
smaller compared to that of PAN pieces when the pyrolysis conditions are the same. 
Since the size of PAN particles is smaller for PAN powders than pieces, this 
phenomenon could be attributed to the larger surface area of PAN powder which will 
enhance heat transfer from the surface to the inside of the PAN particles. As a result, 
larger amounts of gases were emitted through the carbon layer during the degradation 
process, and hence a smaller amount of residue is found. It could also be seen in 
Figure 4.9 that when decreasing the heating rate from 20 °C/min to 10 °C/min, a 
smaller amount of residue was obtained. The explanation for this phenomenon is that 
it will take a longer time to reach the same final temperature when pyrolyzing the 
PAN particles at a lower heating rate. Therefore, more gases will be released from 
PAN particles which would result in a lower amount of residue.  
       Based on the above results, it is observed that the PAN particles did not only 
lose hydrogen and nitrogen, but also lost a large amount of carbon during the thermal 
degradation process. However, all of the pyrolysis processes were carried out in a 
reduced atmosphere which means that carbon could not be oxidized during the 
process. Thus, there must be some other mechanism to lose carbon which caused 
extremely low carbon yield (8.7 wt%) when pyrolyzed at 800 °C. Based on a 
literature study, it is widely believed that the products from the degradation of PAN 
below 400 ºC are primarily NH3 and HCN and the more rapid loss of elemental 
nitrogen has been found to start from 720 ºC to 750 ºC and ended around 1200 ºC.12 
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This explained why the carbon yield obtained from the experiment is much smaller 
than the theoretical value.  
       The elemental composition analysis of the pyrolysis of PAN in N2 was also 
studied by Xue et al 13 and the result is shown in Figure 4.1. It can be seen that with 
increasing the pyrolyzation temperature from 200 ºC to 800 ºC, the percentage of 
carbon will increase from 67% to 77%. Meanwhile, the percentage of hydrogen and 
nitrogen will decrease in a similar rate. At 800 ºC, all hydrogen will be removed and 
the loss of nitrogen will occur at a faster rate. Thus, in order to obtain pure carbon, 
pyrolysis of the PAN particles above 1200 ºC will be required.  
       However, an interesting result was found when examining the elemental 
composition of the residue obtained from the pyrolysis of Pt-containing PAN 
particles. Figure 4.10 shows the SEM image and the EDS analysis of the surface of 
the residue of pyrolyzed Pt-containing PAN particles.  
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Figure 4.10: (a) SEM image, and (b) EDS spectrum of pyrolyzed Pt-containing PAN 
particles. 
147 
 
       It can be seen from Figure 4.10 (a) that many holes are present on the surface 
of the pyrolyzed PAN particles. These holes were possibly created by releasing gases 
from inside the of PAN particles to the surface during the degradation process. Based 
on the elemental analysis results, Pt was found on the surface of pyrolyzed Pt-
containing particles. As was mentioned earlier, Pt cannot be observed for the PAN 
particles imaged before the pyrolyzation step, so why is the Pt present on the surface 
of the pyrolyzed PAN particles? There could be two reasons. First, due to the small 
amount of Pt salt used in preparing PAN particles, the Pt salt may not be uniformly 
dispersed in the PAN particles. Therefore, after pyrolysis of Pt-containing PAN 
particles, the Pt salt will be reduced to elemental platinum and become incorporated 
into pyrolyzed PAN particles and hence be detected by EDS. The second possibility 
is the low solubility of Pt salt in the AN-saturated DI water may cause only a small 
portion of Pt salt to be incorporated into PAN particles after polymerization. however 
after drying and pyrolysis of PAN particles, undissolved Pt salt may be absorbed on 
the surface of pyrolyzed PAN particles and then reduced to elemental Pt which can be 
detected by EDS. 
       It can also be seen from Figure 4.10 (a) that the fusion of the PAN particles 
during the thermal degradation process is a severe problem for the production of 
highly dispersed Pt-containing carbon nanoparticles. Practically, heating the PAN 
precursors to temperatures in the region of 200 to 300 °C produces a species that is 
exceptionally heat resistant and can avoid melting or fusion when subsequently 
carbonized at high temperature (1000 to 2000 °C).14 Thus, a two-step pyrolysis of 
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PAN particles was carried out in order to avoid the fusion of the PAN particles and 
increase the yield of the carbon.  
 
4.3.3 Two-step pyrolysis of PAN latex particles 
 
       Pyrolysis of Pt-containing PAN particles under different conditions, such as 
different pyrolyzation temperatures, different forms of dried PAN particles, and 
various heating rates have been carried out as described in the last section. The results 
indicated that less than 10 wt% of the residue was obtained after the pyrolysis of PAN 
powders at 800 °C with a heating rate of 10 °C/min. Furthermore, the fusion of the 
PAN particles during the thermal degradation process was inevitable for a single step 
pyrolyzation method and cannot be applied for producing highly separated individual 
carbon nanospheres. Therefore, a two-step pyrolyzation process was introduced by 
first increasing the temperature to 250 to 300 °C which is slightly below the Tm of 
PAN particles and then holding the temperature for 30 to 60 mins, and then 
increasing the temperature again to 800 °C. The first step is also called the 
stabilization process for PAN precursors. The most important reaction in the 
stabilization of the PAN precursor is cyclization. Cyclization is the reaction of the 
nitrile groups in the precursor polymer with adjacent groups to form a stable, ladder 
polymer and so melting of PAN particles will not occur during the carbonization 
process at higher temperatures (1000 to 2000 °C). Figure 4.11 shows the chemical 
structure change during the cyclization step.15 
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Figure 4.11: Cyclization reaction during the thermal stabilization of PAN 
precursors.16 
        
       Pt-containing PAN particles prepared by miniemulsion polymerization based 
on the recipe shown in Table 4.1 were dried in an aluminum pan at a temperature of 
90 °C, ground into powder, and then pyrolyzed at 250 °C, 275 °C, and 300 °C under a 
nitrogen atmosphere for 60 mins using the TGA. Weight loss curves were obtained 
and are shown in Figure 4.12.  
       Comparing the three weight loss curves shown in Figure 4.12, it can be seen 
that the thermal stabilization at higher temperatures will result in the largest weight 
loss of the residue. Besides, after 30 minitues stabilization, the residue weights of the 
PAN particles were almost constant for all three samples. When PAN particles were 
stabilized at 250 °C, there is no weight loss after 60 minutes reaction, which means 
that cyclization did not occur at this temperature. In contrast, weight loss could be 
observed for the PAN particles that were pyrolyzed at 275 °C and 300 °C which 
indicated that the PAN precursors have achieved a fully aromatic cyclized structure. 
For comparison, PAN particles were pyrolyzed using two-step process with various 
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stabilization temperatures and the weight loss curves were collected and shown in 
Figure 4.13. 
 
 
 
Figure 4.12: Thermal stabilization of PAN precursors at various temperatures. 
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Figure 4.13: Weight loss curves for the one-step and two-step pyrolyzation of PAN 
particles. 
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       From Figure 4.13, it can be seen that when PAN particles are first stabilized at 
275 °C or 300 °C, the percentage of residue at 800 °C are 57.9 wt% and 55.6 wt%, 
respectively. Theoretically, if all PAN particles have been pyrolyzed to pure carbon 
nanospheres, the residue weight percentage should be 67.9 wt%. Thus, the carbon 
yield of PAN particles after two-step pyrolysis lies between 81.9 % and 85.3 %. 
However, it can be seen that the residue weight percentage for PAN particles 
pyrolyzed using the one-step process is only 8.7 wt% which resulted in only 12.8 % 
of the carbon yield, although pyrolyzed at the same heating rate and final pyrolysis 
temperature compared to that of two-step pyrolysis. Thus, the two-step pyrolysis is a 
better method to pyrolyze PAN powder in order to obtain a higher carbon yield. 
       TEM images of PAN powders that pyrolyzed at 800 °C using one-step and 
two-step pyrolysis are shown in Figure 4.14. Comparing TEM images in Figure 4.14, 
it can be easily found that when PAN powders were pyrolyzed via a one-step method, 
all PAN particles become fused together and formed a whole piece, while in some 
areas few individual PAN particles still exist when pyrolyzed using two-steo process. 
In addition, Pt nanoparticles with a particle size between 5 and 10 nm and a narrow 
size distribution were dispersed in the pyrolyzed PAN particles which are highlighted 
by circles in Figure 4.14(b). 
 
 
 
 
 
153 
 
 
 
 
 
 
 
 
Figure 4.14: TEM image and elemental analysis of Pt-Containing PAN powders that 
pyrolyzed using: (a)one-step pyrolysis, and (b) two-step pyrolysis. 
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       In order to determine when PAN particles began to fuse together during the 
pyrolyzation process, a series of experiment on the pyrolysis of PAN particles at 
different temperatures with the same 1-hour holding time were carried out. The 
weight percentage of residue as a function of pyrolyzation temperature was measured 
and is shown in Figure 4.15. 
       It can be seen from Figure 4.15 that when the pyrolyzation temperature is 
below 200 °C, the weight percentage of residue is still above 97 %, which indicates 
that the starting point of thermal degradation is above 200 °C.  Increasing the 
pyrolyzation temperature to 275 °C, it was found that 81 % of the residue remained 
after holding for 1 hour. Because the Tm for PAN polymer particle is 303 °C based on 
the DSC result shown in the previous section, the residue weight is similar when 
holding the pyrolysis temperature at 275 °C or 300 °C which may indicate fully 
cyclization of PAN particles and the formation of a ladder structure. Further 
increasing the pyrolyzation temperature to above the melting point resulted in a 
failure of PAN particles to form a stable ladder structure and resulted in the formation 
of more emission gas, and as a consequence, decreased the weight percentage of 
residue.  The TEM images of pyrolyzed PAN particles at different temperatures are 
shown in Figure 4.16. 
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Figure 4.15:  Weight percentage of residue as a function of pyrolyzation temperature. 
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Figure 4.16:  TEM images of pyrolyzed PAN particles at: (a) 150 oC, (b) 200 oC, (c) 
250 oC, (d) 275 °C, (e) 300 °C, and (f) 350 oC. 
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       It can be seen from Figure 4.16 (a) that when the pyrolyzation temperature is 
150 °C, PAN particles already fused together in most areas, although very few 
separated PAN nanoparticles could still be observed. As mentioned in the previous 
section, the Tm of PAN particles is 303 °C and the thermal degradation of PAN 
particles started at 200 °C. However, TEM images indicated that a two-step pyrolysis 
did not help avoid thermal fusion between PAN particles even when the pyrolyzation 
temperature is less than 200 °C. All of the PAN particles became fused together and 
no single PAN particles could be found when increasing the pyrolysis temperature to 
200 °C and 250 °C. When increasing the pyrolyzation temperature to 275 °C or 300 
°C, it was observed PAN particles fused into a continuous film with many black spots 
shown in the film which were proved to be Pt nanoparticles using elemental analysis. 
In section 4.3.1, it was shown that Pt salt was fully reduced to Pt nanoparticles 
between 250 °C and 300 °C which is the same as the result that shown in Figure 4.16 
(d). Further increasing the pyrolyzation temperature to 350 °C, all fused PAN 
particles shrunk into smaller particles. Because this temperature is higher than the 
melting point of PAN particles, PAN will release more gases due to the uncyclized 
structure. 
 
4.3.4 Mixture of PMMA and PAN particles 
       Two-step pyrolysis of PAN has been studied in previous work since one-step 
pyrolysis will cause the inevitable fusion and low carbon yield of the PAN particles 
after thermal degradation. However, previous results indicated that although the 
carbon yield increased after the two-step pyrolysis of PAN particles, severe fusion of 
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PAN particles still occurred. Therefore, PMMA particles with a smaller size (~ 80 nm) 
were mixed with PAN particles in order to increase the distance between PAN 
particles during the pyrolysis process and furthermore help avoid the fusion of PAN 
particles. The recipe used for the synthesis of the PMMA particles is listed in Table 
4.2. 
       The PMMA nanoparticles prepared based on Table 4.2 had a particle size of 
82 nm and the conversion was 99.8 %. The pyrolysis of PMMA particles was then 
carried out by TGA under a N2 atmosphere. Figure 4.17 shows the weight loss curves 
for one-step and two-step pyrolysis of PMMA particles at different heating rates. It 
can be seen from Figure 4.17 that the PMMA particles were totally burnt out to gas 
above 450 °C for all samples. For a lower heating rate at 10 °C/min, the PMMA was 
burnt out at a slightly lower temperature. Meanwhile, there is no big difference in the 
pyrolyzation results between the one-step and two-step process. Thus, the two-step 
pyrolysis of a PMMA/PAN mixture was carried out and the results are shown in 
Figure 4.18. 
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Figure 4.17: Weight loss curves for the one-step and two-step pyrolyzation of PMMA 
particles. 
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Figure 4.18: Weight loss curves for the one-step and two-step pyrolyzation of PAN 
and a PAN/PMMA particle blend (PMMA: PAN = 5:3). 
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       Based on the particle size and the solids content of PMMA and PAN particles, 
a PMMA/PAN ratio of 5:3 was chosen to form the PMMA/PAN blend because 
theoretically the PAN particles will be fully covered by PMMA particles at this 
particular ratio. Two weight loss curves are presented in Figure 4.18 with one curve 
representing the two-step pyrolysis of pure PAN particles and the other curve 
showing the two-step pyrolysis of the PMMA/PAN mixture. Comparing these two 
curves, it can be found that the PMMA/PAN mixture has a smaller amount of the 
residue after pyrolysis under the same conditions. Theoretically, if all of the PMMA 
particles were burnt out, leaving only the residue from pyrolysis of PAN particles, the 
residue amount should be 20.63 %. From the curves shown in Figure 4.18, the residue 
of the PMMA/PAN mixture was 20.05 % which is only slightly smaller than the 
theoretical value. This may indicate that the PMMA did not affect the pyrolysis of 
PAN using the two-step method. Furthermore, those two curves exhibited similar 
trends during the pyrolyzation process which may also indicate that the PMMA will 
not affect the pyrolysis of PAN particles. TEM images of the PAN particles and 
PMMA/PAN mixture that were pyrolyzed at 800 °C using the two-step pyrolysis 
process are compared and shown in Figure 4.19. 
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Figure 4.19: TEM image of pyrolyzed: (a) pure PAN particles, and (b) PMMA/PAN 
mixtures.(PMMA/PAN = 5:3) 
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       From Figure 4.19, it can be seen that more individual PAN particles are 
observable and the fusion of PAN particles is avoided to a greater extent for the 
PMMA/PAN sample compared to the pure PAN particles. However some degree of 
fusion remains in the residue of the PMMA/PAN mixture after two-step pyrolysis; 
thus, a better method is still needed in order to fully avoid the thermal fusion between 
PAN particles. The mixing of PAN/PS particles with SiO2 was tried in the next step. 
 
4.3.5 Mixture of SiO2 and PAN/PS particles 
       Due to the inevitable fusion and low carbon yield of the PAN/PS particles 
after the two-step pyrolysis of the PMMA/PAN/PS mixture, the PAN/PS particles 
were mixed with SiO2 nanoparticles in order to reduce the extent of thermal fusion 
between polymer particles since SiO2 will not be degraded at 800 °C under a N2 
atmosphere. The size of the SiO2 nanoparticles is 20 nm and the Pt-containing 
PAN/PS particles are 150 nm. Initially, the SiO2 particles are mixed with PAN/PS 
particles in a weight ratio of 25:1 because the surface of PAN/PS particles could be 
fully covered by SiO2 based on a theoretical calculation. TEM images of PAN/PS and 
SiO2 mixtures before and after the pyrolysis process are shown in Figure 4.20. 
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Figure 4.20:  TEM images of PAN/PS and SiO2 mixtures before pyrolysis at: (a)80 
kX, (b)500 kX, and after pyrolysis at: (c)80 kX, and (d)200 kX. 
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       It could be seen from Figure 4.20(a) and 4.20(b) that most PAN/PS copolymer 
particles are covered by small SiO2 particles. However, thermal fusion between 
PAN/PS particles is still severe although separate SiO2 particles could easily be 
observed after the two-step pyrolysis. This could be attributed to the existence of 
attachment between uncovered PAN/PS particles. In order to avoid the connection, 
PAN/PS particles must be fully covered by SiO2 nanoparticles. Thus, an optimum 
packing of PAN/PS and SiO2 particles is needed. 
       Based on a study of polyethylene-nickel (big-small) particle blend mixtures, 
Kusy et al 17 suggested that optimal packing can be achieved when the small particles 
form a continuous phase around the larger particles. He presented a theory describing 
the critical volume percentage of small particles required for phase continuity, Vc. 
Based on cubic packing, Vc has been calculated as a function of the particle size ratio 
which is shown in equation (2): 
 
                                          Vc = 100 (1 + 0.756 x (Rb/Rs))
-1                                        (2) 
where Rb and Rs represents the particle sizes of big and small particles, respectively. 
       Therefore, given a certain particle size ratio in a blended system, the minimum 
volume percentage of small particles needed to form a continuous phase can be 
estimated. Figure 4.21 shows a schematic diagram of the optimum packing of 
PAN/PS and SiO2 nanoparticles. 
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Figure 4.21:  Schematic diagram of the optimum packing of PAN/PS and SiO2 
nanoparticles. 
 
       The particle size for small SiO2 nanoparticles and big PAN/PS particles are 25 
nm and 112 nm, respectively. The critical volume percent of small particles required 
for phase continuity, Vc = 22.7 %, was calculated based on equation (2). Then the 
SiO2 nanoparticles and large PAN/PS particles are mixed in this ratio and TEM 
images were taken before and after the pyrolysis of the PAN/PS/SiO2 mixture and are 
shown in Figure 4.22. 
       It could be seen from Figure 4.22 (a) that the PAN/PS particles are well 
separated by SiO2 nanoparticles and all PAN/PS particles are fully surrounded by 
SiO2 nanoparticles, although few attachment still exist between PAN/PS particles. 
However, after pyrolysis at 800 °C via two-step pyrolysis, individual PAN/PS 
particles are all disappeared and formed a continuous film surrounded by small SiO2 
nanoparticles. 
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Figure 4.22: TEM images of PAN/PS and SiO2 optimum packing: (a) before pyrolysis, 
and (b) after two-step pyrolysis. 
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4.3.6 Fabrication of SiO2 monolayer 
       Based on the previous results, thermal fusion between PAN/PS particles is 
still severe, although separate SiO2 particles were mixed in with PAN/PS and formed 
the optimum packing condition. Thus, simple mixing of SiO2 and PAN/PS particles 
did not help avoid thermal fusion between polymer particles because PAN/PS 
particles could still attach to each other in some way during the pyrolysis. An 
alternative method was then carried out to prepare a monolayer of PAN/PS particles 
which are separated and immobilized by SiO2 nanoparticles. The schematic diagram 
of this procedure is shown in Figure 4.23. 18  
 
Figure 4.23:  Schematic representation of the fabrication of PAN/PS and SiO2 
monolayer.  
 
       In order to separate the PAN/PS particles far from one another to avoid 
thermal fusion, two different weight ratios between SiO2 and PAN/PS, i.e., 2:1 and 
169 
 
1:1, were selected. PAN/PS latex was mixed with SiO2 solution using a magnetic 
stirring bar for 5 minutes. The mixed solution was then sonified for 1 minute to fully 
disperse SiO2 with PAN/PS particles. Then 1 drop of sonified solution was added 
onto the corner of the deposition blade and the glass substrate. After moving the 
substrate at a constant speed of 30 µm/s for 10 minutes, the substrate was air dried for 
30 minutes before proceeding to the SEM analysis and pyrolyzation process. SEM 
images of the prepared monolayer are shown in Figure 4.24. 
       It can be seen in Figure 4.24 (a) that when the ratio between SiO2 and PAN/PS 
is equal to 1:1, more PAN/PS particles are present in the monolayer and the PAN/PS 
particles are closer together as compared to Figure 4.25 (b) where the ratio between 
SiO2 and PAN/PS is equal to 2:1. Apparently, the distance between PAN/PS particles 
is greater and as a result, the sample with a ratio between SiO2 and PAN/PS equal to 
2:1 was selected for the two-step pyrolyzation process. 
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Figure 4.25:  SEM images of PAN/PS/SiO2 monolayer at a ratio of: (a) SiO2: 
PAN/PS = 1:1, and (b) SiO2: PAN/PS = 2:1. 
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Initially, the PAN/PS/SiO2 monolayer was pyrolyzed at 275 °C. SEM images of the 
prepared monolayer before and after pyrolysis at 275 °C for 1 hour are shown in 
Figure 4.25. 
       From Figure 4.25(a), it could be seen that the PAN/PS particles are all 
surrounded by SiO2 nanoparticles and PAN/PS particles are all separated from each 
other with no connections between each other. Figure 4.25(b) shows the pyrolyzed 
PAN/PS monolayer at 275 °C, and it could be found that individual PAN/PS particles 
remain separate from each other, which indicates that the thermal fusion between 
PAN/PS particles is fully avoided using this technique. Because the substrate used in 
this technique is made of glass which will melt above 600 °C during the pyrolyzation 
process, a silicon wafer which will not melt above 900 °C was used instead. 
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Figure 4.25:  SEM images of PAN/PS and SiO2 monolayer: (a) before pyrolysis, and 
(b) after pyrolysis at 275 °C for 1hr. 
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       Then, the PAN/PS/ SiO2 monolayer was pyrolyzed at 275 °C for 60 minutes 
and then further pyrolyzed at 800 °C for another 60 minutes. In order to increase the 
surface charge of the PAN/PS/SiO2 monolayer, a thin layer of Iridium (~ 5 nm) was 
coated on the surface of the monolayer prior to performing the SEM analysis. A 
group of SEM images of pyrolyzed PAN/PS/SiO2 monolayers at different 
magnifications are shown in Figure 4.26. Instead of observing 150 nm PAN/PS 
particles, many bright nanoparticles with a particle size around 50 nm were observed 
in Figure 4.26. These bright nanoparticles are actually the pyrolyzed PAN/PS 
nanoparticles which contained Pt nanoparticles because heavy elements will exhibit a 
brighter contrast in SEM images. During the thermal degradation process, the styrene 
portion of the PAN/PS particles will be evaporated, accompanyed with several types 
of emission gases such as CH4, NH3, HCN and so on. The loss of these components 
in the PAN/PS particles will result in the shrinkage of the particles, and as a result, 
decreases the size of the pyrolyzed PAN/PS nanoparticles. Another important point is 
that the PAN/PS particles are still well separated from each other without any thermal 
fusion after the pyrolyzation process was complete. These results indicate that the 
thermal fusion between PAN/PS particles could be completely avoided by utilizing 
PAN/PS/SiO2 monolayers. However, due to the resolution limitation of SEM, Pt 
nanoparticles with a size ranging from 5 to 20 nm can hardly be observed under these 
conditions.  Thus, higher resolution electron microscopy techniques, such as TEM or 
HRTEM should be introduced to locate the Pt nanoparticles on the surface of the 
pyrolyzed Pt/PAN/PS/SiO2 monolayer.  
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Figure 4.26:  SEM images of the pyrolyzed PAN/PS/SiO2 monolayer magnified at: (a) 
25 KX, (b) 60 KX, (c) 100 KX, and (d) 200 KX. 
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Because the Pt/PAN/PS/SiO2 monolayer is deposited on the surface of a silicon wafer 
which cannot be used in TEM or HRTEM, another type of substrate that is 
compatible with TEM needs to be found. However, during this time, a 
Pt/PAN/PS/SiO2 monolayer without Ir-coating was pyrolyzed at 800 °C via two-step 
pyrolysis and examined under SEM. The result is shown in Figure 4.27. 
       It was interesting to find from Figure 4.27 that all of the PAN/PS particles are 
gone after two-step pyrolysis at 800 °C. Comparing this sample with the sample 
shown in Figure 4.26, the only difference is the lack of Ir-coating for this sample. 
Thus, this result indicated that Ir-coating plays an important role in help avoiding 
thermal fusion between PAN/PS particles. Based on this point, a series of 
experiments was carried out by applying Ir-coating onto a TEM copper grid after 
drying PAN/PS latex particles on the surface. The results are shown in Figure 4.28. 
       It could be seen from Figure 4.28 (a) and Figure 4.28 (c) that after Ir-coating, 
the pyrolyzed PAN/PS particles are still well separated from each other and no big 
difference was observed before the pyrolysis process. However, comparing Figure 
4.28 (b) with Figure 4.28 (d), it could be seen that when pyrolyzing the PAN/PS with 
5 nm Ir-coating at 275 °C, all PAN/PS particles are not fused together, while a few 
PAN/PS were fused together when pyrolyzing the PAN/PS with a 1 nm Ir-coating at 
275 °C. In addition, PAN/PS particles with and without Ir-coating were pyrolyzed 
both at 275 °C, and are compared in Figure 4.29. 
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Figure 4.27:  SEM image of pyrolyzed Pt/PAN/PS/SiO2 monolayer without Ir-coating. 
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Figure 4.28:  SEM image of PAN/PS with: (a) 5 nm Ir-coating, before pyrolysis, (b) 5 
nm Ir-coating, after pyrolysis at 275 °C, (c) 1 nm Ir-coating, before pyrolysis, and (d) 
1 nm Ir-coating, after pyrolysis. 
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Figure 4.29:  SEM image of pyrolyzed PAN/PS:(a) without Ir-coating, and (b) with 
Ir-coating. 
 
      Comparing Figure 4.29 (a) with Figure 4.29 (b), the difference is obvious. The 
sample without Ir-coating shows a continuous film resulting from the complete fusion 
between PAN/PS particles. On the contrary, the sample with Ir-coating exhibits well 
separated PAN/PS particles after pyrolysis, although thermal fusion was still 
observable in few areas. 
       The Ir-coated Pt/PAN/PS particles were then pyrolyzed at 800 °C via the two-
step pyrolysis. The TEM, HRTEM, HAADF-STEM and elemental analysis results 
are shown in Figure 4.30.  
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Figure 4.30:  Ir-coated Pt/PAN/PS nanoparticles pyrolyzed at 800 °C and examined 
by:  (a)TEM, (b)HRTEM, (c) HAADF-STEM, and (d) Elemental analysis by EDS. 
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       It can be seen from Figure 4.30 (a) that PAN/PS particles are all separated 
from each other. The dark domains inside the PAN/PS particles are Pt nanoparticles 
with a size ranging from 10 to 20 nm which is proved by elemental analysis 
performed by EDS as shown in Figure 4.30 (d). HRTEM and HAADF-STEM images 
are shown in Figure 4.30 (b) and Figure 4.30 (c), respectively. The crystalline 
structure of Pt nanoparticles could easily be seen from HRTEM image, while the Pt 
atoms could be clearly observed in HAADF-STEM. 
 
4.3.7 Encapsulation of Fe(acac)3 into PAN/PS particles via Miniemulsion 
Polymerization 
       In order to prove that the same technique can be applied to encapsulate other 
metal complexes, the synthesis and pyrolysis of Fe-containing PAN/PS latex particles 
was carried out. The recipe used to prepare Fe-containing PAN/PS polymer particles 
is listed in Table 4.5. 
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Table 4.5: Recipe used for the Synthesis of Fe-containing PAN/PS Particles via 
Miniemulsion Polymerization 
Ingredient Weight (g) Comment 
Acrylonitrile (AN) 4 80 wt% based on oil 
Monomer 
Styrene  1 20 wt% based on oil 
Pt Salt 
Iron acetylacetonate 
(Fe(acac)3) 
0.25 5 wt% based on monomer 
Medium Deionized water 20 80 wt% based on total 
Initiator V70 0.015 2 mM based on the aqueous phase 
Surfactant Sodium Dodecyl Sulfate (SDS) 0.145 
20 mM based on the 
aqueous phase 
Costabilizer Hexadecane (HD) 0.2 4 wt% based on monomer 
Polymerization Conditions 70 ºC, 24 hrs 
 
        The Fe (acac)3 and Pt (acac)2 has the same functional group and a similar 
chemical structure as shown in Figure 4.31. 
 
          Pt (acac)2                                                        Fe (acac)3 
Figure 4.31:  Chemical structure of Pt (acac)2 and Fe (acac)3. 
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       Figure 4.32 shows the TEM image and elemental analysis of Fe-containing 
PAN/PS particles after cleaning by serum replacement using a 100 nm membrane. It 
could be found that the particle size of Fe-containing PAN/PS particles was ~100 nm 
and the particle size distribution is narrow. The EDS spectrum shows an emission 
peak at 6.4 keV which is the Kα emission peak for Fe. Therefore, the elemental 
analysis result proved that the Fe salt has been successfully encapsulated into 
PAN/PS particles. The Fe-containing PAN/PS latex exhibited a yellow color (the 
picture is not shown here). TEM images of pyrolyzed Fe-containing PAN/PS latex 
particles are shown in Figure 4.33.  
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Figure 4.32:  TEM images of Fe-containing PAN/PS particles obtained after the 
cleaning process magnified at: (a) 60 Kx, (b) 150 Kx, and (c) elemental analysis by 
EDS. 
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Figure 4.33: TEM images of two-step pyrolysis of Fe-containing PAN/PS dried 
powders magnified at: (a) 200 Kx, and (b)300 Kx. 
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       From Figure 4.33, highly dispersed Fe nanoparticles with a size range from 5 
to 40 nm could be observed throughout the pyrolyzed sample. However, the particle 
size distribution is not very narrow and the thermal fusion between PAN/PS could 
easily be found in Figure 4.33. In spite of this, the miniemulsion copolymerization of 
AN and styrene in the presence of metal complexes such as Pt (acac)2 and Fe (acac)3 
is a promising way to generate metal-encapsulated polymer particles with a small 
metal particle size and narrow particle size distribution.  
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4.4 CONCLUSIONS 
 
       In order to prove that the Pt salt could be reduced to elemental Pt when 
pyrolyzed above 700 °C in an inert atmosphere, the pyrolysis of pure Pt salt was 
carried out using TGA. Based on TGA analysis and elemental analysis performed by 
EDS, it can be concluded that the Pt salt could be reduced to elemental Pt when 
pyrolyzed above 700 °C. 
      The one-step pyrolysis of PAN particles was performed initially. However, the 
thermal fusion between the PAN particles during the thermal degradation process is a 
severe problem for the production of highly dispersed Pt-containing carbon 
nanoparticles. Thus, the two-step pyrolysis of PAN particles was carried out in order 
to avoid the fusion of the PAN particles and increase the yield of the carbon.  
            TEM images of PAN powders that pyrolyzed at 800 °C using two-step 
pyrolysis are shown in Figure 4.14. It was found that when PAN powders were 
pyrolyzed via the two-step method, few individual PAN particles exist and Pt 
nanoparticles with a particle size between 5 and 10 nm and a narrow size distribution 
were dispersed in the pyrolyzed PAN particles which are highlighted by circles in 
Figure 4.14(b). However, thermal fusion between PAN particles is still the biggest 
problem. Thus, several approaches were tried in order to avoid thermal fusion. 
       First, PMMA latex particles prepared by conventional emulsion 
polymerization were mixed with PAN particles. Although more individual PAN 
particles are observable and the fusion of PAN particles is somewhat avoided for the 
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PMMA/PAN sample compared to the pure PAN particles, thermal fusion of particles 
remained in most areas of the residue after two-step pyrolysis. 
       In the next step, SiO2 particles with a particle size of 20 nm were mixed with 
PAN particles and formed a monolayer using controlled rapid deposition by drawing 
a meniscus of a suspension across a substrate. After the two-step pyrolysis, PAN/PS 
particles are still well separated from each other without any thermal fusion which 
indicated that the thermal fusion between PAN/PS particles could be completely 
avoided by utilizing PAN/PS/SiO2 monolayers. Furthermore, the result indicated that 
Ir-coating plays an important role in helping avoid thermal fusion between PAN/PS 
particles. 
       Therefore, the Ir-coated Pt/PAN/PS particles were then pyrolyzed at 800 °C 
via two-step pyrolysis. It could be easily found from TEM images that PAN/PS 
particles are all separated from each other and the dark domains inside the PAN/PS 
particles are Pt nanoparticles with a size ranging from 10 to 20 nm which is proved by 
elemental analysis performed by EDS. 
       Finally, the synthesis and pyrolysis of Fe-containing PAN/PS latex particles 
was carried out so as to prove that the same technique can be applied to encapsulate 
other metal complexes. Highly dispersed Fe nanoparticles with a size range from 5 to 
40 nm could be observed throughout the pyrolyzed PAN/PS particles. 
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CHAPTER 5 
PREPARATION OF PT-CONTAING PAN NANOCOMPOSITE 
VIA MINIEMULSIFICATION 
 
5.1     INTRODUCTION 
       In order to incorporate platinum into polymer particles, many approaches have 
been proposed. Because Pt(acac)2  is relatively insoluble in deionized water and is 
soluble in acrylonitrile monomer solution, this is believed to be the main reason for 
the unsuccessful incorporation of Pt salt into the PAN particles via dispersion 
polymerization. Another approach, i.e., emulsion polymerization of AN was also 
carried out as described in the previous chapter. However, the large amount of 
coagulum generated from the AN emulsion system makes emulsion polymerization 
an imappropriate method to encapsulate Pt salt into PAN particles.   
       Therefore, a new approach, i.e., miniemulsification of a PAN solution 
containing highly dispersed Pt particles into N’N’-Dimethyl Formamide (DMF) or 
N’N’-dimethylacetamide (DMAA) was carried out and the results are discussed in 
this chapter. Particle latexes can be prepared by the miniemulsification process which 
involves the use of ionic surfactant, such as sodium dodecyl sulfate and a costablizer 
such as hexadecane. For example, Anderson et al. dissolved anionically prepared 
polystyrene in benzene, dispersed the solution in an aqueous surfactant solution, and 
then removed the solvent. After this simple direct emulsification process, they 
obtained an artificial latex with a narrow molecular weight distribution, although the 
particle size distribution was broad. 1 In another study, Mohammadi et al. developed a 
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recipe to prepare uniform artificial latex particles by direct emulsification. 2  By 
optimizing the control parameters, such as the oil-to-water ratio, polymer 
concentration in the oil phase, HLB value of the surfactant, etc, relatively uniform 
polystyrene particles were formed from anionically-prepared polystyrene samples 
with various molecular weights.  
       In addition, the encapsulation of TiO2 particles inside polystyrene particles or 
poly(styrene-co-butyl acrylate) copolymer particles by miniemulsification under high 
loading conditions were successfully carried out by Al-Ghamdi and his coworkers.3  
The miniemulsification process is also suited to prepare metallic nanoparticles by 
using gallium or alloys with a low melting point. It was shown by Willert et al. that 
the miniemulsification of low melting salts and metals enables the direct synthesis of 
nanoparticles with high homogeneity with particle diameters between 150 and 400 
nm. 4  Figure 5.1 gives a schematic representation of the miniemulsification approach.  
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Figure 5.1: Schematic diagram of the process used for incorporation of platinum 
within PAN particles using miniemulsification of a polymer solution containing Pt 
salt. 
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5.2     EXPERIMENTAL 
5.2.1 Materials 
            Acrylonitrile monomer (AN; Acros Organics) was cleaned by removing the 
inhibitor by passing it through an inhibitor-removal column (Sigma-Aldrich). The 
monomer was refrigerated prior to use. Platinum (II) acetylacetonate (Pt(acac)2; 
Acros Organics) was used as received. 2, 2’-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V70)  were used as initiator. Sodium dodecyl sulfate (SDS; 
MP Biochemicals Inc.) and hexadecane (Acros Organics) were used as surfactant and 
costabilizer, respectively. N’N’-Dimethyl Formamide (DMF; Fisher Scientific) and 
N’N’-dimethylacetamide (DMAA; Acros Organics) were used as the solvent in the 
emulsification step. All of these chemicals were used as received. Deionized (DI) 
water was used for all experiments. 
 
5.2.2 Miniemulsification of PAN using DMAA or DMF 
       First, PAN latex particles obtained via the miniemulsion polumerization 
process were dried in an oven at 90 ºC. Then, dried PAN particles were dissolved in 
an organic solvent such as N’N’-dimethylacetamide (DMAA) along with hexadecane 
while stirring until all PAN particles were dissolved. An aqueous phase is then 
formed by dissolving sodium dodecyl sulfate (SDS) in deionized water. After the two 
solutions were mixed in a 50 ml beaker using a magnetic stirring bar, emulsification 
of the mixed solution was achieved by using a Branson sonifier at power setting of 8 
and 50% duty cycle for 4 minutes. Table 5.1 shows the recipes used for the 
emulsification of PAN using DMAA or DMF.   
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Table 5.1: Recipe for Miniemulsification of PAN using DMAA 
Ingredient 
Weight 
(g) 
Comment 
Polymer PAN 0.05 ~ 0.5 20 wt% based on total 
Solvent 
N,N-Dimethylacetamide 
(DMAA)  
5 10 wt% based on total 
N’N’-Dimethyl 
Formamide (DMF) 
5 10 wt% based on total 
Medium Deionized water 45 80 wt% based on total 
Surfactant 
Sodium Dodecyl Sulfate 
(SDS) 
0.289 
20 mM based on the 
aqueous phase 
Costabilizer Hexadecane (HD) 0.02 
4 wt% based on 
monomer 
Sonification 
Time 
4 minutes 
 
5.2.3 Characterization 
5.2.3.1 Determination of Conversion and Coagulum Amount 
       The amount of coagulum resulting from the colloidal instability of the 
resulting latex particles was obtained by filtering the latex through a nylon mesh with 
a pore size of 100 μm and weighing the collected coagulum. The conversion of 
acrylonitrile monomer was determined gravimetrically using coagulum free latex obtained 
after filtration. 
 
5.2.3.2 Particle Size Measurement 
       The particle diameter and size distributions of the pure PAN latex particles 
and Pt-containing PAN nanocomposites were measured by dynamic light scattering 
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(Nicomp, Model 370) at 25 °C and by capillary hydrodynamic fractionation at 35 °C 
(CHDF 1100 and 2000, Matec Applied Sciences). They were also measured (in a dry 
state) by transmission electron microscopy (TEM, Phillips 420T, and JEOL 2000), 
measuring 600 particles for each sample.  
 
5.2.3.3 Solvent Removement by Rotary Evaporation 
       A rotary evaporator is a device used for the efficient and gentle removal 
of solvents from samples by evaporation. Rotary evaporation is most often and 
conveniently applied to separate "low boiling" solvents from compounds which are 
solid at room temperature and pressure. However, careful application also allows 
removal of a solvent from a sample containing a liquid compound if there is a 
sufficient difference in boiling points at the chosen temperature and reduced pressure. 
A rotary evaporator (Buchi EL131) was used to remove DMAA and DMF after 
miniemulsification of PAN latex particles. 
 
 
5.3     RESULTS AND DISCUSSION 
       As a first step, attempts were made to emulsify a solution of PAN dissolved in 
the DMAA or DMF into aqueous solution of the surfactant. The emulsification of 
PAN solution containing platinum salt will be done in the next step.  
       After mixing the PAN solution with the aqueous surfactant phase, the 
miniemusification process was carried out according to the recipe given in Table 5.1. 
The emulsified PAN solution was then stripped of solvent using rotary evaporating. 
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The conditions for rotary evaporation are: pressure = 100 mmHg, temperature = 
76 °C, and rpm = 50. The particle size of the PAN particles obtained after rotary 
evaporation using DMF or DMAA as the solvent were obtained and is listed in Table 
5.2 and Table 5.3, respectively. 
Table 5.2: Particle Size of PAN Emulsion as a Function of Evaporation time when 
DMF was used as a solvent for PAN Particles 
Time (hrs) 
Particle Size 
Dw (nm) Dv (nm) Dn (nm) 
0 263 186 47 
3 243 232 161 
6 254 253 221 
 
Table 5.3: Particle Size of PAN Emulsion as a Function of Evaporation time when 
DMAA was used as a solvent for PAN Particles 
Time (hrs) 
Particle Size 
Dw (nm) Dv (nm) Dn (nm) 
0 174 65 26 
3 195 166 114 
6 199 169 111 
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       It can be seen from Table 5.2 and 5.3 that the particle size of the emulsified 
PAN particles increased sharply during the first 3 hr of evaporation and then no 
obvious increase of particle size was observed. However, when using DMF as the 
solvent, the particle size after the emulsification process is larger than the particle size 
obtained when using DMAA as the solvent. Based on our observations from the 
rotary evaporation process, no coagulum was found from the beginning to the end of 
the evaporation process for both cases which may also indicate that the PAN particles 
did not coalescence during the experiment. No phase separation was observed in the 
distillate after evaporation for either conditions as well. 
       Figure 5.2 shows the images of PAN particles observed before and after the 
miniemulsification process. The PAN particles observed before emulsification were 
prepared based on the recipe shown in Table 3.1. The emulsified PAN particles were 
obtained based on the recipe shown in Table 5.1.  
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Figure 5.2: TEM images of PAN particles: (a) before emulsification, and (b) after 
emulsification in DMAA solvent. 
 
(a) 
(b) 
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       From Figure 5.2 (b), it could be seen that spherical PAN particles were 
obtained after miniemulsification of PAN solution dissolved in DMAA solvent. Then, 
miniemulsification of PAN solutions with various polymer concentrations were 
carried out. The particle size and polydispersity of PAN particles are shown in Table 
5.4. 
 
Table 5.4: Particle Size and PDI of PAN Particles as a Function of Initial PAN 
Concentration with DMF Used as a Solvent 
PAN Conc. 
(wt%) 
Particle Size 
Dw (nm) Dv (nm) Dn (nm) PDI (Dw /Dn) 
0.1 234 265 80 2.9 
0.2 142 214 51 2.8 
0.4 93 185 34 2.7 
0.8 272 296 69 3.9 
 
       Table 5.4 shows that the particle size of the artificial latex decreased as the 
initial PAN particle concentration was increased from 0.1 wt% to 0.4 wt%. However, 
further increasing the PAN particle concentration from 0.4 % wt% to 0.8 % wt% will 
result in a sharp increase of the particle size and the polydispersity also increased 
rapidly from 2.71 to 3.94. This may indicate that the coalescence of PAN particles 
after miniemulsification becomes more serious with higher initial amounts of PAN 
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particles dissolved in the solvent. If the initial PAN concentration was further 
increased to 1 wt%, phase separation was observed immediately after the 
miniemulsification process. Therefore, an initial PAN concentration of 0.2 % (w/w) 
was chosen for the following experiments. 
        Since the surfactant concentration in the recipe for the miniemulsification step 
is very high compared to the initial monomer concentration, a series of experiments 
were carried out by varying the surfactant concentration while keeping the initial 
PAN concentration at 0.2 wt% and the sonification time at 4 mins. Figure 5.3 shows 
the particle size of PAN particles as a function of surfactant concentration. From 
Figure 5.3, it was found that the particle size did not change significantly when 
varying the surfactant concentration from 5 mM to 20 mM. This may indicate that the 
surfactant did not play an important role in regulating the particle size of PAN 
particles during the miniemusification process, although 5 mM surfactant provides 
the smallest particle size and narrowest PDI as well. 
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Figure 5.3: Particle size of PAN particles as a function of SDS concentration. 
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       In order to prove that artificial PAN latex particles are obtained after the 
miniemulsification step, the solids content of miniemulsified PAN latex solutions was 
examined gravimetrically. Figure 5.4 shows the solids content of PAN latex solutions 
as a function of emulsification time when the initial PAN concentration and surfactant 
concentration are 0.2 wt% and 5 mM, respectively.  It was observed that the solids 
content of PAN latex solution decreased as the emulsification time was increased 
from 0.5 to 6 minutes. When further increasing the emulsification time from 6 to 10 
minutes, the solids content almost remained constant at 42 wt%. However, the 
theoretical value of the solids content that could be obtained after the 
miniemulsification step is 76 wt% which is calculated by mass balance. Compared to 
the theoretical value, we found that increasing the miniemulsification time of the 
sonifier will result in a loss of solids in the PAN latex solutions. The cause for this 
phenomenon is still not understood. 
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Figure 5.4: Solids content of miniemulsified PAN particles as a function of 
emulsification time. 
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       The miniemulsified PAN solution with an initial PAN concentration of 0.2 wt% 
and 5 mM SDS was then processed with the rotary evaporator at 60 ºC, 50 rpm, and 
under a pressure of 80 mm Hg. The particle size of the PAN particles obtained after 
rotary evaporation were obtained and are listed in Table 5.5.  
 
Table 5.5: Particle Size of PAN Emulsion as a Function of Evaporation time 
DMF was used as a solvent for PAN particles. 
Time (hrs) 
Particle Size 
Dw (nm) Dv (nm) Dn (nm) PDI (Dw /Dn) 
0 142 214 51 2.8 
1 2537 8550 441 5.8 
6 3888 14185 634 6.1 
 
       It can be seen from Table 5.5 that the particle size of the miniemulsified PAN 
particles increased sharply during the first hour of rotary evaporation and then 
increased gradually as the evaporation process continued. This may indicates 
coalescence of the artificial PAN latex particles while striping the organic solvent 
from the miniemulsified PAN solution. This phenomenon could also be observed in 
the TEM images shown in Figure 5.5.   
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Figure 5.5: TEM images of miniemulsified PAN particles that before the rotary 
evaporation process at: (a) 0.9 KX, (b) 18 KX, and after 1 hrs rotary evaporation at:  
(c) 15 KX, and (d) 54 KX. 
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       It could be seen from Figure 5.5 (a) and 5.5 (b) that PAN particles were 
formed after the miniemulsification step and the particle size is 96 nm measured by 
TEM. PAN particles with a size of 203 nm and a narrow size distribution were 
observed after 1 hour of rotary evaporation as seen in Figure 5.5 (c) and 5.5 (d). 
Comparing these images, it could be seen that the coalescence of artificial PAN latex 
particles occurred after 1 hrs rotary evaporation which may indicate the successful 
removal of organic solvent. 
       Based on the results that were obtained from the miniemulsification of PAN 
particles when using the DMAA or DMF as the organic solvent, it could be 
concluded that artificial PAN latex particles could be obtained after 
miniemulsification and the PAN particles will coalescence after removing the solvent. 
Although PAN particles with narrow size distribution could be observed, the 
coalescence of PAN particles will make the incorporation of platinum salt into PAN 
particles become more complex and uncontrollable which made miniemulsification 
an impropriate technique for the Pt salt encapsulation.  
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5.4     CONCLUSIONS 
        The miniemulsification process involves the use of mixed emulsifier 
combinations, consisting of an ionic surfactant, such as sodium lauryl sulfate, and a 
costabilizer, such as hexadecane. Synthesis of Pt-containing PAN particles by 
miniemulsification was carried out. However, the coalescence of PAN particles 
during the solvent removal process made the incorporation of platinum salt into PAN 
particles become more complex and uncontrollable, although narrow distributed 
artificial PAN particles with narrow size distributions could be obtained after the 
miniemulsification process. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
 
6.1       CONCLUSIONS 
             
       In this project, the encapsulation of Pt salt into PAN particles was carried out 
via 3 different synthesis routes: (1) dispersion polymerization, (2) miniemulsion 
polymerization, and (3) miniemulsification. 
            The dispersion polymerization of acrylonitrile (AN) in the presence of Pt salt 
was carried out using KPS as the initiator and SDS as the surfactant. However, after 
elemental analysis, the results indicated that platinum was not successfully 
incorporated in the PAN particles because only 3.6% of the Pt salt was dissolved in 
the monomer mixture measured by UV spectroscopy. Emulsion polymerization of 
AN was then carried out in order to increase the monomer concentration. However, 
the large amount of coagulum generated from the AN emulsion system makes 
emulsion polymerization an inappropriate method to encapsulate Pt salt into PAN 
particles. 
       Pt-containing PAN particles were then prepared via miniemulsion 
polymerization using V59 as initiator. However, a large amount of coagulum was 
obtained after polymerization due to the high water solubility of AN. Therefore, a 
water-soluble KPS initiator was tried to polymerize AN via miniemulsion 
polymerization. It was found that there was no coagulum and the conversion was 
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above 95 % after polymerization when using KPS as the initiator. However, the 
elemental analysis indicated that platinum was not incorporated in PAN particles due 
to the low solubility of Pt salt in AN-saturated DI water which is the same reason as 
discussed in the dispersion polymerization of Pt-containing PAN particles. 
       Another oil-soluble initiator V70 was then used as to prepare PAN particles 
via miniemulsion polymerization. The generation of coagulum is still the biggest 
issue which is probably due to the high water solubility in the aqueous phase. 
Therefore, toluene was introduced to help decrease the water solubility of AN as well 
as reduce the amount of coagulum. Although  no coagulum were found after 
introducing toluene into the system, Pt salt could not be encapsulated into PAN 
particles possibly because the PAN particles will crystallize during the 
polymerization and the Pt salt will no longer dissolve in the monomer phase during 
this phase separation process. As a result, the Pt salt remained in the toluene after 
polymerization. 
       Thus, the styrene is used to replace toluene as a second monomer in order to 
further decrease the water solubility of AN and encapsulate Pt salt into the copolymer 
particles at the same time. Experimental results indicated that Pt-containing PAN/PS 
copolymer particles were successfully synthesized and the quantitative data obtained 
from both ICP and TGA indicated that 98.7 wt% of the Pt salt was encapsulated when 
the PAN/PS ratio is equal to 8:2.  
       In order to prove that the Pt salt could be reduced to elemental Pt when 
pyrolyzed above 700 °C in an inert atmosphere, the pyrolysis of pure Pt salt was 
carried out using TGA. Based on the TGA analysis and the elemental analysis 
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performed by EDS, it can be concluded that the Pt salt could be reduced to elemental 
Pt when pyrolyzed above 700 °C. 
      The one-step pyrolysis of PAN particles was performed initially. However, 
thermal fusion between the PAN particles during the thermal degradation process is a 
severe problem for the production of highly dispersed Pt containing carbon 
nanoparticles. Thus, a two-step pyrolysis of PAN particles was carried out in order to 
reduce the fusion of the PAN particles and increase the carbon yield.  
            TEM images of PAN powders that were pyrolyzed at 800 °C using the two-
step pyrolysis process indicated that few individual PAN particles still exist and Pt 
nanoparticles with a particle size between 5 and 10 nm and a narrow size distribution 
were dispersed in the pyrolyzed PAN particles. However, thermal fusion between 
PAN particles became the biggest problem. Thus, several approaches were tried in 
order to avoid the thermal fusion. 
       First, PMMA latex particles prepared by conventional emulsion 
polymerization were mixed with PAN particles. Although more individual PAN 
particles are observable and the fusion of PAN particles is somewhat reduced for the 
PMMA/PAN sample compared to the pure PAN particles, thermal fusion remained in 
most areas of the residue after two-step pyrolysis. 
       In the next step, SiO2 particles with a particle size of 20 nm were mixed with 
PAN particles and formed a monolayer using controlled rapid deposition. After the 
two-step pyrolysis, PAN/PS particles are still well separated from each other without 
any thermal fusion which indicated that the thermal fusion between PAN/PS particles 
could be completely avoided by utilizing PAN/PS/SiO2 monolayer. Furthermore, the 
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results indicated that Ir-coating plays an important role in helping to avoid thermal 
fusion between PAN/PS particles. Therefore, Ir-coated Pt/PAN/PS particles were 
pyrolyzed at 800 °C via two-step pyrolysis. It could be easily seen from TEM images 
that PAN/PS particles are all separated from each other and the dark domains inside 
the PAN/PS particles are Pt nanoparticles with a size ranging from 10 ~ 20 nm which 
is proved by elemental analysis performed by EDS. 
       Finally, the synthesis and pyrolysis of Fe-containing PAN/PS latex particles 
was carried out so as to demonstrate that the same technique can be applied to 
encapsulate other metal complexes. Highly dispersed Fe nanoparticles with a size 
range from 5 ~ 40 nm could be observed throughout the pyrolyzed PAN/PS particles. 
       The miniemulsification process involves the use of mixed emulsifier 
combinations, consisting of an ionic surfactant, such as sodium lauryl sulfate, and a 
costabilizer, such as hexadecane. Synthesis of Pt-containing PAN particles by 
miniemulsification was carried out. However, the coalescence of PAN particles 
during the solvent removal process made the incorporation of platinum salt into PAN 
particles become more complex and uncontrollable, although PAN particles with 
narrow size distribution could be obtained after the miniemulsification process. 
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6.2       RECOMMENDATIONS 
  
       Because the Ir-coated Pt/PAN/PS particles only demonstrates that Pt-
containing PAN/PS could be obtained after the two-step pyrolysis, a more realistic 
method, such as making a PAN/SiO2 core/shell nanoparticles, that can help avoid 
thermal fusion between PAN/PS particles and does not require Ir-coating need to be 
explored  in order to apply this pyrolyzed powders into practical use. 
       The porosity of pyrolyzed Pt/PAN/PS particle needs to be evaluated using 
Nitrogen Adsorption. The mixing of pyrolyzed Pt/PAN/PS powders with Nafion to 
form a catalyst membrane that can be used for fuel cell application should be carried 
out in the next step of research. The efficiency of this new catalyst material needs to 
be tested. 
       The new catalyst material needs to be reusable. Therefore, Pt/PAN/PS 
powders could be burned out in the air and the Pt nanoparticles could be collected 
after the burning process and reused when preparing new Pt-containing PAN/PS 
particles. However, the encapsulation of Pt nanoparticles into PAN/PS polymer 
particles via miniemulsion polymerization needs to be explored first.  
       Since the incorporation of both Pt salt and Fe salt with the same complex 
group were successfully carried out via miniemulsion polymerization in this project. 
Encapsulation of other metal complexes such as palladium salt could be investigated 
to demonstrate the wide application range of the miniemulsion technique and prepare 
different types of catalyst as well. 
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       Based on the results shown in Chapter 2, the mechanism on the dispersion and 
emulsion polymerization of PAN is still unclear. A better surfactant that can stabilize 
the reaction mixture needs to be found out. 
            As shown in Chapter 6, a proper operating conditions that can prevent the 
coalescence of PAN particles during the rotary evaporation process needs to be 
studied when using DMAA or DMF as the organic solvent. In addition, the 
incorporation of highly-dispersed platinum particles in the PAN particles by 
miniemulsifying a solution of PAN and platinum salt dissolved in another type of 
organic solvent, especially water-insoluble solvent needs to be explored. 
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